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Abstract 
 
This thesis consists of two parts and provides new knowledge on 
important physiological and biochemical mechanisms in two disparate 
animal systems as follows. 
 
Part 1: Appetite regulation and leptin biology during water deprivation in 
the Spinifex hopping mouse, Notomys alexis.  This comprises Chapters 1, 2 
and 3 of the thesis as follows. 
 
 Chapter 1: Introduction to appetite regulation. 
 Chapter 2: Appetite regulation in water–deprived Spinifex hopping 
mice, Notomys alexis. 
 Chapter 3: Leptin expression in non-adipose tissues of the Spinifex 
hopping mice, Notomys alexis. 
 
Summary: Without drinking water, desert mammals have strategies to 
gain water by mechanisms that maximise obtaining preformed water from 
food, and the generation of metabolic water from the oxidative 
metabolism of food substrates.  However, given the importance of food as 
a direct and indirect source of water, little is known about how desert 
mammals can regulate appetite to increase substrate provision for 
metabolic water production.  Previously, my laboratory investigated 
appetite regulation in the Spinifex hopping mouse, Notomys alexis, during 
water deprivation.  In a 30 day water deprivation experiment, a biphasic 
feeding pattern was observed in which there was an initial hypophagia 
followed by a sustained food intake for the latter phase of water 
deprivation.  In a subsequent experiment, the peripheral and central 
regulation of food intake was examined in the first 12 days of water 
deprivation that corresponded with the biphasic food intake.  However, 
there were many unanswered questions from the study of Takei et al. 
(2012) as the peripheral and central control of food intake was not 
determined over the entire period of water deprivation.  Part 1 of this 
thesis will examine appetite regulation in hopping mice during prolonged 
water deprivation of 29 days. 
 
In Chapters 2 and 3, water deprivation of the Spinifex hopping 
mouse, Notomys alexis, induced the biphasic pattern of food intake with an 
initial hypophagia that was followed by an increased, and then sustained 
food intake.  The mice lost approximately 20% of their body mass and 
there was a loss of white adipose tissue.  The peripheral and central 
regulators of appetite were examined in Chapter 2.  Overall, it was found 
that the sustained food intake in hopping mice during water deprivation 
XX | P a g e  
 
was uncoupled from peripheral appetite-regulating signals, and that the 
hypothalamus appears to play an important role in regulating food intake; 
this may contribute to the maintenance of fluid balance in the absence of 
free water.  One interesting observation from Chapter 2 was that, as water 
deprivation was prolonged, plasma leptin increased despite a loss of body 
fat.  This was further investigated in Chapter 3 in which the expression of 
leptin in non-adipose tissues was examined.  It was found that leptin is 
expressed in skeletal muscle and the heart, and that the mRNA expression 
profile of leptin in skeletal muscle during water deprivation correlates 
with the plasma leptin.  Thus, it was proposed that non-adipose sources of 
leptin could be important in water-deprived hopping mice. 
 
Part 2: Appetite regulation and lipid biology in rainbow trout, 
Oncorhynchus mykiss.  This comprises Chapters 4, 5 and 6 of the thesis. 
 
 Chapter 4: Fatty acids and appetite regulation in fish. 
 Chapter 5: The effect of dietary lipids on the mRNA expression of 
appetite control peptides in rainbow trout, Oncorhynchus mykiss. 
 Chapter 6: Isolation and functional characterisation of a fads2 in 
rainbow trout (Oncorhynchus mykiss) with ∆5 desaturase activity. 
 
Summary: Lipid is important in formulated fish diets because it is an 
efficient energy source for sustained growth.  The provision of dietary 
lipid by the inclusion of fish oil has been a common practice in the 
aquaculture industry.  However, this has become problematic as 
diminishing fisheries are unable to meet the demand for fish oil for 
aquafeed.  As an alternative, the use of plant oils in aquafeed instead of 
fish oils is being explored, and there has been a considerable amount of 
research on the effect of the replacement of fish oil on growth performance 
and fatty acid biosynthesis in cultured fish.  Rainbow trout, Oncorhynchus 
mykiss, are intensively cultured globally and, therefore, understanding the 
impact on plant oil on growth, the biochemistry of their fatty acid 
biosynthetic pathways, and the physiology of the fish is highly relevant. 
 
In Chapter 5, the effect of replacing fish oil with different plant oils 
on the appetite control system was investigated in rainbow trout. No 
significant changes were found on the feeding pattern and the expression 
of the appetite regulating genes such as leptin, ghrelin and hypothalamic 
NPY, LepRb and GHSR1a. Thus, the substitution of fish oil with plant oil 
does not cause adverse effects on growth and appetite regulation in 
rainbow trout.  
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Most gnathostome vertebrates have two fatty acid desaturase (fads) 
genes with known functions in LC-PUFA biosynthesis and termed fads1 
and fads2. However, teleost fish have exclusively fads2 genes. In rainbow 
trout, a fads2 cDNA had been previously cloned and found to encode an 
enzyme with ∆6 desaturase activity. In Chapter 6, a second fads2 cDNA 
was cloned from the liver of rainbow trout and termed fads2b. The fads2b 
was expressed predominantly in the brain, liver, intestine and pyloric 
caeca. Expression of the fasd2b in yeast generated a protein that was 
found to specifically convert eicosatetraenoic acid (20:4n-3) to 
eicosapentaenoic acid (20:5n-3), and therefore functioned as a ∆5 
desaturase. Therefore, rainbow trout have two fads2 genes that encode 
proteins with ∆5 and ∆6 desaturase activities, respectively, which enable 
this species to perform all the desaturation steps required for the 
biosynthesis of LC-PUFA from C18 precursors. 
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1.1 An overview of appetite control 
Hunger is a desire that motivates animals, including humans, to 
forage, hunt and consequently increase their food intake to meet their 
energy requirements (Matsuda et al., 2006).  The simple notion of appetite 
control suggests that as hunger is stimulated, food consumption will 
relieve the hunger sensation.  This process is illustrated in Fig. 1-1.  Food 
ingestion fills the gastric space that leads to a feeling of satiation, and this 
is followed by gastrointestinal digestion.  During digestion, the complex 
organic compounds including carbohydrates, lipids, and proteins, are 
broken down into simpler forms such as monosaccharides, fatty acids, and 
amino acids, respectively.  The duration of gastric emptying will take 
between 2 to 4 hours (Hellmig et al., 2006; Vasavid et al., 2014), and the 
state of feeling full lasts for a short time after a meal before hunger occurs 
again.  Following gastrointestinal digestion, the absorption of nutrients in 
the small intestine provides metabolic substrates such as glucose for 
metabolism.  The sensation of hunger is glucose dependent and a transient 
decline in blood glucose initiates hunger by mechanisms mediated by the 
central nervous system (Smith et al., 1988).  This means that, in addition to 
gastric filling, nutrient uptake from the ingestion and digestion of food is 
involved in nutrient sensing that consequently drives the regulatory 
mechanisms involved in hunger and satiation. 
Unlike the hunger signal, the satiety signal is unrelated to a 
gastrointestinal tract cue, but is driven by glucose sensing in the 
extracellular fluid followed by hypothalamic regulation (Lee et al., 2015).  
The satiety signals are short-term signals that are driven by activation of 
hypothalamic neuropeptides that inhibit eating between meals (Capraro et 
al., 2014; Grosbellet et al., 2015), and have minimal impact on long-term 
regulation of body-fat stores (Woods and Seeley, 2000).  Between meals, 
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nutrient uptake can be in excess to the metabolic requirements.  Excess 
metabolic substrates are stored as glycogen in the liver to a limited 
capacity, and are then transformed into triglycerides as lipid droplets in 
adipose tissue for unlimited long-term energy storage, which influences 
body weight (Overduin et al., 2005).  Adiposity signals are long-term 
signals that interact with satiety signals in the brain stem and 
hypothalamus in order to maintain energy homeostasis (Woods, 2009).  
Therefore, the hunger signal is comprised of separate groups of interacting 
molecular triggers including both satiety signals and adiposity signals, 
respectively.  Simultaneously, these short- and long term appetite signals 
interact to regulate energy balance. 
 
Figure 1-1 A general concept of an appetite cycle.  Food ingestion abates hunger 
and stimulates the satiety sensation.  Over a few hours of gastric emptying, the 
hunger sensation rises again, and the cycle is repeated. 
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1.2 The central signals for appetite regulation 
The hypothalamus has a significant role in the central regulation of 
appetite and energy homeostasis (Broberger, 2005; Coppari and Elmquist, 
2009; Krysiak et al., 2001; Mihály et al., 2002).  Peripheral signals from the 
body are relayed continuously back to the hypothalamus to maintain the 
equilibrium of a particular physiological system (Broberger, 2005; Prieur et 
al., 2008; Stanley et al., 2005).  The hypothalamus is located in the 
midbrain area.  From the ventral view of the brain, the hypothalamus is 
attached anteriorly by the optic chiasm, laterally by the optic tracts, and 
posteriorly by the mammillary body (Kalra et al., 1999; Saper and Lowell, 
2014).  It is symmetrically replicated on each side of the brain and 
separated by the third ventricle in the midline forming a border between 
the left and right side of the hypothalamus (Fig. 1-2).  Specific regions of 
the hypothalamus are established as appetite control centres, namely the 
arcuate nucleus (ARC), the ventromedial nucleus (VMN), the dorsomedial 
nucleus (DMN), the paraventricular nucleus (PVN) and the lateral 
hypothalamic area (LHA) (Sohn, 2015).  Discrete lesions of these nuclei or 
surgical transection of their neural pathways has been shown to interrupt 
eating behaviour (Butera et al., 1992; Harlan et al., 2011; Joost and 
Castaneda, 2008). 
The ARC is located at the bottom of the hypothalamus (Kalra et al., 
1999; Saper and Lowell, 2014).  Two groups of neurons that exhibit 
opposite feeding responses populate the ARC, namely anorexigenic pro-
opiomelanocortin (POMC neurons) and the orexigenic neuropeptide Y 
(NPY)/agouti-related peptide (AgRP) neurons (Elias et al., 1999; 
Kageyama et al., 2012).  Situated adjacent to the blood-brain barrier, the 
neurons of the ARC are the first to respond to the peripheral regulators, 
leptin and ghrelin, and as such, the ARC is actively engaged in regulating 
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eating behaviour.  The VMN is located anteriorly to the hypothalamus and 
is reported to be involved in satiety signals (Resch et al., 2011), and 
destruction of specific cells in the VMN results in hyperphagia and an 
increase in body weight (Woods, 2013).  The LHA is adjacent to the VMN 
and fibres run from the LHA to the midbrain and forebrain, as well as 
other hypothalamic sites.  The neurons of the LHA are reported to secrete 
melanin-concentrating hormone MCH (Broberger et al., 1998; Elias et al., 
1998), and one study showed that lesion of the LHA caused aphagia, a loss 
of body fat and body weight (Inutsuka and Yamanaka, 2013; Liu et al., 
2015).  The influence of the DMN in appetite control is less important in 
comparison to the VMN as only a subset of neurons of the DMN express 
NPY (Kalra et al., 1999).  The PVN is a dense cluster of heterogenous 
neurons located on the roof of the third ventricle (Kalra et al., 1999) and is 
populated with corticotropin-releasing hormone (CRH) neurons that 
initiate satiety (Jang and Romsos, 1998; Reyes et al., 2006; Wamsteeker 
Cusulin et al., 2013). 
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1.3 Hypothalamic appetite controlling neuropeptides 
1.3.1 Neuropeptide tyrosine  
Neuropeptide Y (NPY) is secreted from the ARC and co-localises 
with AgRP secreting neurons (Hahn et al., 1998).  It is a highly conserved 
peptide across vertebrate species (Mercer et al., 2011).  The peptide was 
discovered in the early 1980’s and consists of 36 amino acids, and belongs 
to the pancreatic polypeptide family that includes peptide tyrosine–
tyrosine (PYY) and pancreatic polypeptide (PP) (Bi et al., 2012).  A direct 
intracerebroventricular injection of NPY results in hyperphagia in rats, 
showing that NPY is an orexigenic neuropeptide (Stanley et al., 1986).  
Later, Gropp et al. (2005) demonstrated the role of NPY using mice with 
genetic ablation of neurons expressing NPY/AgRP, which induced 
hypophagia in the mice.  The orexigenic action of NPY in the 
hypothalamic nuclei is complex and is tightly controlled by high-affinity 
receptors for numerous peripheral and central regulators, which ensures 
the stability of energy homeostasis.  In a more recent study, Wu et al. 
(2012) investigated the significance of NPY/AgRP neurons in transmitting 
appetite signals in a group of leptin-deficient mice (Lepob/ob).  In their 
study, moderately obese and obese Lepob/ob mice displayed a decreased 
appetite and reduced their food intake.  The obese Lepob/ob mice were 
acutely anorexic when the NPY/AgRP neurons were ablated as it caused a 
severe reduction in food intake, thus showing the importance of neurons 
secreting NPY/AgRP in the ARC and their interaction with circulating 
leptin in appetite control. 
 
To facilitate appetite control, the activity of NPY is regulated by the 
peripheral signals, leptin and ghrelin (Dhillon and Belsham, 2011; Kohno 
and Yada, 2012).  In mammals, hypothalamic NPY secretion is inhibited 
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by leptin (Jang et al., 2000; Yokosuka et al., 1998), but is stimulated by 
ghrelin (Nakazato et al., 2001).  Following the interaction of leptin or 
ghrelin with NPY neurons in the ARC, the appetite signal is then 
transmitted to other neurons in the LHA and PVN to further stimulate 
other neuropeptides involved in appetite control.  For example, during the 
excitation of NPY neurons by ghrelin, MCH neurons in the LHA are 
stimulated to facilitate orexigenic behaviour (Shimada et al., 1998).  In 
addition, an increase in NPY secretion inhibits the secretion of CRH in the 
PVN, which inhibits the satiety signals (Jang et al., 2000; Schwartz and 
Moran, 2002; Vreugdenhil et al., 2001).  However, leptin inhibits the 
excitation of NPY/AgRP neurons and supresses the transmission of the 
NPY signal in the ARC (Münzberg and Morrison, 2015). 
NPY is also reported to influence animal behaviour such as 
foraging and preying.  For example, foraging activity is increased 
concomitantly with an increase of hypothalamic NPY gene expression in 
Siberian hamster (Day et al., 2005).  In addition, direct 
intracerebroventricular injection of NPY in the Western spadefoot toad, 
Spea hammondii, promotes preying behaviour (Crespi and Denver, 2012). 
In mammals, AgRP is an appetite regulator that is responsive to 
leptin and ghrelin, and, as mentioned, is co-expressed within NPY 
neurons in the ARC (Baver et al., 2014; Müller et al., 2015; Park and 
Ahima, 2014; Wang et al., 2014).  The excitation of AgRP neurons inhibits 
the neurotransmitter, GABA (γ-aminobutyric acid), which supresses the 
anorexigenic signal that consequently promotes hunger and feeding 
(Müller et al., 2015; Wang et al., 2014).  However the role of AgRP in 
central appetite regulation in non-mammalian animals has not been 
clearly established. 
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1.3.2 Pro-opiomelanocortin 
Pro-opiomelanocortin (POMC) is a neuropeptide that is a 
glycoprotein and is conserved across all mammals.  Neurons secreting 
POMC are colocalised in the ARC with the NPY/AgRP neurons, and their 
activation has the opposite effect to NPY and AgRP, and thus inhbits 
appetite (Balthasar et al., 2004; Berglund et al., 2012; Sebaai et al., 2002; 
Tkacs et al., 2000).  Like NPY, the hypothalamic POMC neurons regulate 
appetite and energy balance via peripheral satiety and adiposity signals, 
respectively (Balthasar et al., 2004; Berglund et al., 2012; Gamber et al., 
2012).  Challis et al. (2004) demonstrated the role of POMC as an inhibitor 
of appetite when they found that POMC-knockout mice were hyperphagic 
and obese.  In addition, Smart et al. (2006) reported a similar finding in 
which transgenic POMC knockout mice increased their caloric intake and 
feeding efficiency, reduced oxygen consumption, increased subcutaneous, 
visceral, and hepatic fat, and had severe insulin resistance.  Leptin has a 
profound influence on the secretion of hypothalamic POMC (Berglund et 
al., 2012; Millington, 2007), as POMC secretion is increased with an 
increase in plasma leptin, but secretion is decreased in response to ghrelin 
(Cowley et al., 2001; Saegusa et al., 2011).  The release of POMC excites the 
secretion of CRH in the PVN (Jang et al., 2000) and attenuates the 
expression of MCH in the LHA (Abbott et al., 2003). 
1.3.3 Melanin-concentrating hormone  
Melanin-concentrating hormone (MCH) was originally isolated from 
chum salmon, Oncorhynchus keta, as an important regulator of pigment 
aggregation, and is conserved in all vertebrates (Kawauchi et al., 1983).  
The highest density of MCH neurons is found mainly in the LHA 
(Bittencourt et al., 1992; Bittencourt et al., 1998).  MCH activity is 
Part 1: Appetite regulation 
10 | P a g e  
 
modulated by the nutritional status of the body, and an increase in MCH 
mRNA expression stimulates food intake (Abbott et al., 2003).  It is an 
orexigenic neuropeptide, and the significance of its role as an appetite 
controlling neuropeptide has been demonstrated in MCH-ablated mice 
that resulted in mice that were hypophagic and lean (Shimada et al., 1998).  
Moreover, a direct intracerebroventricular injection of MCH resulted in 
hyperphagia and obesity in mice (Ludwig et al., 1998).  In addition to that, 
MCH neurons are responsive to glucose levels as part of the nutrient 
sensing system, and regulate food reward behaviour, body weight, and 
thirst (Clegg et al., 2003; Domingos et al., 2013; Morens et al., 2005).  In 
appetite control, leptin directly suppresses the secretion of MCH from the 
hypothalamus, showing a direct influence of leptin on the LHA (Huang et 
al., 1999).  In addition, in the hypothalamus, MCH neurons are innervated 
by NPY and POMC axons originating in the ARC, such that MCH 
secretion is positively correlated with the activity of NPY, but there is an 
inverse relationship with POMC activity (Mystkowski et al., 2000; 
Shimada et al., 1998). 
1.3.4 Corticotropin-releasing hormone  
Corticotropin-releasing hormone (CRH) consists of 41 amino acids 
and is highly conserved peptide across mammals (Breault and Majzoub, 
2003).  CRH neurons are mainly present in the PVN and are involved in 
control of the hypothalamic-pituitary-adrenal (HPA) axis.  The effect of 
hypothalamic CRH on appetite was studied in the early 1980’s, when it 
was found that an intracerebroventricular injection of CRH decreased 
food intake in rats (Britton et al., 1982; Morley and Levine, 1982).  In recent 
years, Gotoh et al. (2013) studied the effect of nesfatin-1, a satiety control 
neuropeptide, on the expression of hypothalamic CRH and food intake in 
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rats, and reported that nesfatin-1 caused an increase in hypothalamic CRH 
mRNA expression, which led to hypophagia in rats.  Further evidence for 
the role of CRH in appetite regulation was found in rats treated with 
daidzen, a ligand for oestrogen receptors, when the authors showed that 
daidzein stimulated the expression of hypothalamic CRH mRNA, which 
caused a loss of appetite (Fujitani et al., 2015).  A number of studies in 
rodents have shown that NPY activation in the ARC suppresses the 
mRNA expression of CRH (Fujitani et al., 2015; Jang et al., 2000). 
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Figure 1-3 Leptin signalling in the hypothalamus.  Leptin is produced in the 
adipose tissue and secreted into the circulation, where it crosses the blood brain 
barrier to bind with the leptin receptor and stimulate or inhibit the activation of 
NPY/AgRP, and POMC neurons, respectively, in the arcuate nucleus (ARC) of 
the hypothalamus.  Impulses then trigger other nuclei of the hypothalamus to 
secrete appetite neuropeptides. 
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1.4 Peripheral appetite regulators 
1.4.1 The biology of leptin 
Leptin was initially discovered in the early 1990’s in white 
adipocytes of mouse and human (Zhang et al., 1994), and the peptide has 
subsequently been isolated in many vertebrate species from fishes to 
mammals.  Furthermore, the leptin gene is found in the genomes of all 
gnathostomes.  Across vertebrates, the first 21 amino acid residues of 
leptin constitute the signal peptide.  The secondary structure of the leptin 
peptide contains four antiparallel alpha helices and folds in a manner that 
is similar to other cytokines (Kline et al., 1997).  Apart from the diversity of 
the deduced amino acids, leptin is characterised by a pair of cysteine 
residues that form a disulphide bridge, which is important in creating a 
stable secondary structure for receptor binding (Haglund et al., 2012; 
Haglund et al., 2014; Prokop et al., 2012); this structure is highly conserved 
across all vertebrates (Fig. 1-4).  Mammalian leptin is structurally 
conserved and the peptide is consistently found to be 167 amino acids in 
length (Zhang et al., 1994; Murakami and Shima, 1995).  Apart from 
mammals, leptin has also been identified in a number of avian species 
including broiler chickens (Taouis et al., 1998), zebra finch, Taeniopygia 
guttata (Huang et al., 2014), and rock dove, Columba livia (Friedman-Einat 
et al., 2014), and is predicted in the genome of many other bird species.  In 
addition, leptin has been isolated from two amphibians, the African 
clawed frog, Xenopus laevis (Crespi and Denver, 2006), and the tiger 
salamander, Ambystoma tigrinum (Boswell et al., 2006), respectively.  The 
structure of fish leptin is more complex due to gene duplication events, 
which is discussed in Part 2, Chapter 4. 
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Figure 1-4 An alignment of the deduced leptin amino acid sequence in 
vertebrates.  Mammals (human accession no.  AAH69452.1; mouse, accession no.  
ADM72802.1; and rat accession no.  NP_037208.1), amphibian (frog Xenopus 
laevis, accession no.  AAX77665.1), fish (trout O. mykiss, accession no.  
BAG09232.1), and bird (zebrafinch T. guttata, accession no.  AHZ86930.1) and 
reptiles (python Python bivittatus, accession no.  XP_007443828.1; and gecko Gecko 
japonicas, accession no.  XP_015268521.1)  The two cysteine residues that build the 
disulphide bridge are highlighted in yellow. 
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1.4.2 Leptin: adiposity signals and satiety 
Zhang and colleagues (1994) demonstrated that mutation of the 
leptin gene increased adipocity in mice and hypothesised that leptin 
contributes to appetite and energy balance.  In appetite control, the 
anorexic effect of leptin is demonstrated in most vertebrate species.  For 
example, in mammals, direct administration of leptin, as well as leptin 
recombinant treatment, suppressed food intake in rats (Kanoski et al., 
2014) and humans (Wabitsch et al., 2015).  In amphibians, a decrease in 
food attacking behaviour was observed in leptin treated toads (Spea 
bombifrons) (Garcia et al., 2015).  Furthermore, in African clawed frog, less 
time was spent foraging, and food intake was reduced in leptin–treated 
animals (Crespi and Denver, 2006).  In red-bellied piranha, leptin levels 
were lower pre-prandially and then were elevated after feeding, 
suggesting that leptin is involved in promoting satiety (Volkoff, 2015b). 
White adipose tissue is the predominant source of leptin in mammals 
(Okita et al., 2015; Yang et al., 2015).  However, leptin is also expressed in 
skeletal muscle (Sendlhofer et al., 2015; Wang et al., 1998; Wolsk et al., 
2012), stomach (Cammisotto et al., 2007), heart (Purdham et al., 2004), 
brain (Huang et al., 2014), and ovary (Archanco et al., 2003).  Leptin 
secreted from adipose tissue is primarily responsible for maintaining 
circulating leptin levels in mammals; however, this is not the case in all 
vertebrates.  In fishes, hepatic leptin is responsible for the secretion of 
leptin into the circulation (Rønnestad et al., 2010), and in fact, leptin is not 
expressed in adipocytes of certain fishes, such as rainbow trout (Murashita 
et al., 2008).  
The appetite-regulating actions of leptin occurs by forming a ligand 
with the hypothalamic leptin receptor (Haniu et al., 1998; Mercer et al., 
1996).  Leptin receptors are structurally similar to those for type-1 
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cytokines, particularly interleukin (IL)-6, IL-11, IL-12, and oncostatin M, 
respectively.  To date, there are six leptin receptor isoforms that have been 
identified (LepRa - LepRf) (Tartaglia et al., 1995), and they can be grouped 
as short and long isoforms (Haniu et al., 1998; Myers, 2004).  Each isoform 
consists of an identical extracellular and ligand-binding domain, except 
for the C-terminus structure.  Of all the isoforms, only LepRb has a long 
cytoplasmic region that contains several motifs required for signal 
transduction.  These motifs are partially or completely absent in other 
isoforms of leptin receptors (Tartaglia et al., 1995).  LepRb is abundantly 
expressed in most organs, including the hypothalamus, skeletal muscle, 
adipose tissue, kidneys, stomach and eyes (Barrenetxe et al., 2002; Guerra 
et al., 2007; Lin et al., 2000).  However, only the hypothalamic LepRb is 
responsible for exerting the anorectic action of leptin (Balthasar et al., 2004; 
Elmquist et al., 1998).  Leptin signalling activates multiple intracellular 
signalling pathways that include STAT transcription factors (Tsou and 
Bence, 2013), ERK signalling (Bouret et al., 2012), and the PI3K pathway 
(Harlan and Rahmouni, 2013).  These pathways have multiple effects 
including regulating energy balance (Kiu and Nicholson, 2012) and 
participating in glucose sensing (Morton and Schwartz, 2011; Toda et al., 
2013). 
Unlike in laboratory animals, in nature, the role of leptin as an 
appetite suppressor and adipose tissue-coupled peptide is unclear.  Free-
living animals are subjected to different climates and seasonal variation, 
which constantly challenges energy homeostasis.  For example, migratory 
birds require constant energy refuelling, polar animals hibernate to 
conserve energy, and desert animals are challenged with water scarcity.  A 
study in the white-throated sparrow, Zonotrichia albicollis, reported that 
leptin decreased foraging behaviour, food intake and fat mass in 
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wintering birds, but had no effect on foraging behaviour or food intake in 
migratory birds (Cerasale et al., 2011).  A similar observation was reported 
in the migratory bird, the dunlin, Calidris alpina, as during the migrating 
season plasma leptin levels were disassociated from an increased amount 
of adipose tissue and food intake (Gogga et al., 2013).  Furthermore, the 
levels of leptin were lower in fat dunlin compared to that of lean birds, 
indicating an uncoupling between adipose mass and plasma leptin levels 
(Gogga et al., 2013).  However, in another migrating bird, the great tit, 
Parus major, a direct injection of leptin induced satiety, indicating a typical 
leptin response (Lõhmus et al., 2003). 
In hibernating mammals, leptin appears to have a similar response as 
that generally displayed in migratory birds, which is different to that of 
laboratory animals.  Xing et al. (2015) reported a disassociation between 
leptin production and adiposity in the Daurian ground squirrel, 
Spermophilus dauricus.  In this study, pre-hibernating animals underwent a 
body-fattening phase, but plasma leptin levels were only up-regulated 
during the latter stage of body fattening (Xing et al., 2015).  Similarly, in 
the raccoon dog, Nyctereutes procyonoides, (Nieminen et al., 2002) and blue 
fox, Alopex lagopus (Mustonen et al., 2005), low leptin levels were reported 
during autumn when the animals were in their fattening phase preparing 
for hibernation in winter.  In the desert environment, food and water 
availability are unpredictable, hence animals may face periods of food and 
water shortage.  Gutman et al. (2008) reported that leptin administration 
in the golden spiny mouse, Acomys russatus, did not alter food intake or 
cause body fat loss.  Similarly, in the desert hamster, Phodopus roborovskii, 
leptin had no role in regulating body and adipose mass (Zhang et al., 
2015). 
Part 1: Appetite regulation 
18 | P a g e  
 
1.4.3  Ghrelin 
Ghrelin was first isolated from the stomach of rat (Kojima et al., 
1999) and the gastrointestinal tract is now known to be the predominant 
site of ghrelin production in rat (Noguchi et al., 2011), human (Parker et 
al., 2005), mouse (Sykaras et al., 2014), goldfish, Carassius auratus (Miura et 
al., 2009), and chicken, Gallus gallus (Richards et al., 2006); it is also 
expressed in the pyloric caeca of rainbow trout (Murashita et al., 2009).  
The expression of ghrelin mRNA is highest in the fundus of the stomach 
of humans and decreases along the gastrointestinal tract (Gnanapavan et 
al., 2002).  Although ghrelin is predominately a gastrointestinal peptide, it 
is expressed in other tissues.  Hypothalamic ghrelin expression has been 
reported in human (Gnanapavan et al., 2002), chicken (Kitazawa et al., 
2015), and rodents (Furness et al., 2011; Stark et al., 2015), as well as in 
fishes (see Part 2, Chapter 4).  In mammals, hypothalamic ghrelin is 
suggested to regulate glucose homeostasis and adipocyte metabolism 
(Stark et al., 2015; Theander-Carrillo et al., 2006). 
The number of deduced amino acids of active ghrelin is diverse and 
depends on the species and the particular isoform.  However, the first 
seven N-terminal amino acids of the peptide are conserved in most 
vertebrate species.  The active form of ghrelin in mammals is the longest 
form of the ghrelin peptide in vertebrates, and consists of 28 deduced 
amino acids (Hosoda et al., 2000b).  In non-mammalian vertebrates, the 
ghrelin peptide is shorter.  For example, in chicken, it is 26 amino acids 
(Kaiya et al., 2002; Richards et al., 2006) and in Japanese toad, Bufo 
japonicas, it is 23 amino acids (accession number BAM 29298.1; see also 
Part 2 for overview of fish ghrelin).  There is a variety of fatty acid 
attachments on ghrelin in vertebrates.  Octanoic acid acylates the third 
serine (Ser3) residue of the ghrelin molecule in rat (Hosoda et al., 2000a, b) 
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and rainbow trout (Kaiya et al., 2003a), and decanoic acid performs the 
same function in Mozambique tilapia, Oreochromis mossambicus (Kaiya et 
al., 2003b), and channel catfish (Kaiya et al., 2005).  The acyl modification 
of Ser3 is an important feature of the ghrelin peptide for ligand formation 
with the growth hormone secretagogue receptor (GHSR), in order to exert 
its orexigenic effect (Kaiya et al., 2011; Tachibana et al., 2011).  However, 
the acyl group on the Ser3 residue of ghrelin peptide may naturally be 
absent, and this form of ghrelin is known as des-acyl ghrelin.  To date, the 
functional role of des-acyl ghrelin remains unkown and is currently under 
investigation (Hosoda et al., 2000a, b; Miura et al., 2009). 
The facilitation of the hunger signals involves the secretion of 
ghrelin from gastrointestinal epithelial cells into the blood plasma, which 
then initiates orexigenic cascades.  Circulating ghrelin reaches the ARC of 
the hypothalamus and forms a ligand with GHSR1a (Callaghan and 
Furness, 2014; Callaghan et al., 2014; Kojima et al., 1999), triggering a 
signalling cascade that begins with the release of NPY from the 
hypothalamus (Mercer et al., 2011; Miura et al., 2006).  GHSR-1a is 
expressed both within the central nervous system and the periphery 
(Kitazawa et al., 2011; Wang et al., 2012) but, the mechanism of GHSR-1a 
signalling to regulate appetite occurs within the hypothalamus, and this 
signalling has a positive correlation with circulating ghrelin (Salomé et al., 
2009).  A consistent increase in food intake causes a positive energy 
balance, and accordingly, ghrelin promotes adipogenesis (Rodriguez, 
2014; Rodriguez et al., 2009). 
1.5 The adiposity signals 
Excess energy is stored as white adipose tissue in the form of 
triglyceride-lipid droplets, which is the most efficient method for storage.  
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In mammals, in addition to leptin (Brinkoetter et al., 2011), a number of 
proteins are known to regulate cellular activity of adiposity tissue.  These 
include the peroxisome-proliferator activator receptor PPAR-) (Rosen 
et al., 1999), adiponectin (Lee and Shao, 2014), protein-tyrosine 
phosphatase 1B (PTP1B), and mitochondrial uncoupling protein (UCP) 
(Faraut et al., 2007; Musa et al., 2011). 
1.5.1 Peroxisome proliferator activator receptor- γ   
Peroxisome-proliferator activator receptors (PPARs) are 
transcription factors that belong to the superfamily of nuclear receptors.  
The PPARs play an important regulatory role in energy homeostasis and 
metabolic function.  Lipid derivatives are known as the natural activating 
ligands of the PPARs.  There are three variants of PPARs known as PPAR-
α, PPAR-δ, and PPAR-γ, respectively (Janani and Ranjitha Kumari, 2015).  
It is established that activation of PPAR-α reduces triglyceride levels 
(Frazier-Wood et al., 2013), and that the activation of PPAR-β/δ promotes 
fatty acid metabolism (Cedó et al., 2015).  Finally, activation of PPAR-γ 
causes insulin sensitisation, enhances glucose metabolism (Grygiel-
Gorniak, 2014), and regulates energy storage (Liu et al., 2014; Long et al., 
2014).  Consequently, PPAR-γ can regulate adipocyte differentiation.  
Furthermore, studies have shown that by blocking the hypothalamic 
endogenous activation of PPAR-γ, or reducing its expression, improved 
leptin sensitivity and reduced body fat were observed (Long et al., 2014; 
Ryan et al., 2011).  Thus, PPAR-γ opposes the action of leptin. 
1.5.2 Protein-tyrosine phosphatase 1B (PTP1B) 
Protein-tyrosine phosphatase 1B (PTP1B) is a member of the non-
receptor tyrosine kinase group.  It shares a common structural feature 
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with PTPs in that an essential cysteine residue resides within the 
conserved motifs [I/V]HCXXGXXR[S/T] (X is any amino acid) (Bakke and 
Haj, 2015; Tsou and Bence, 2012).  Dephosphorylation of phosphotyosyl 
residue by PTPs on various receptor and non-receptor substrates 
determines the multiple physiological functions of PTP1B, including 
regulating energy balance and glucose homeostasis at a molecular level 
(Bence et al., 2006).  In mammals, fluctuations in plasma glucose 
concentration and the amount of adipose tissue regulates leptin release 
into the plasma via insulin and phosphatidylinositol-3-kinase (PI3K), 
extracellular signal-regulated kinase (ERK 1/2) (Fujikawa and Coppari, 
2015; Paz-Filho et al., 2012) and Janus kinase (JAK) and signal transducer 
and activator of the transcription (STAT) signalling pathways, respectively 
(Ptak and Gregoraszczuk, 2012).  Overexpression of PTP1B decreases the 
phosphorylation of JAK2, which leads to a decrease in the anorectic action 
of leptin (Cho, 2013).  Furthermore, a study by Banno et al. (2010) showed 
that mice with ablated PTP1B nuclei in the ARC had less body fat, a better 
leptin sensitivity, and an improved energy expenditure, compared to 
controls; such observations demonstrate the role of PTP1B in opposing 
leptin signalling. 
1.5.3 Adiponectin 
Adiponectin is an adipokine predominantly secreted by adipose 
tissue, and it has been used as an adipose marker (Berti et al., 2014; 
Martella et al., 2014).  Initially, different research laboratories isolated the 
gene and named it adiponectin, adipoQ, adipocyte complement-related 
protein 30 (Acrp30), adipose most abundant gene transcript 1 (apM1), and 
gelatin-binding protein 28, respectively (Berg et al., 2002; Hu et al., 1996; 
Maeda et al., 1996; Nakano et al., 1996; Ouchi et al., 1999; Scherer et al., 
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1995).  Although adiponectin is known as an adipokine and an adipose 
marker, there is evidence that adiponectin is expressed in human liver (Ma 
et al., 2009), skeletal muscle (Krause et al., 2008) and cardiac muscle (Ding 
et al., 2007).  In vitro studies using C2C12 muscle cells showed that 
adiponectin increases phosphorylation of AMPK to stimulate glucose 
utilisation and fatty acids oxidation (Yamauchi et al., 2002; Yoon et al., 
2006).  In energy homoeostasis, Andersson et al. (2004) suggested that 
leptin and adiponectin activate AMPK to regulate appetite.  In humans, 
the relationship between leptin, ghrelin and adiponectin, and the 
correlation between them, has been analysed to examine metabolic 
changes and energy balance in a range of disorders, such as pulmonary 
disease (Rubinsztajn et al., 2014; Uzum et al., 2014), sleep disorder 
(Sánchez-de-la-Torre et al., 2014), and utilisation of carbohydrate (Sofer et 
al., 2013). 
1.5.4 Uncoupling Protein 3 
Besides adipose tissue and liver, skeletal muscle plays an important 
role in metabolism as well as in the production of signalling molecules 
(Hunter et al., 2011; Nielsen et al., 2001; Trenerry et al., 2011).  The process 
of energy uptake and fatty acid oxidation in skeletal muscle is important 
in energy homeostasis.  Studies have shown that the activation of AMPK 
in skeletal muscle is vital for the efficiency of glucose uptake, fatty acid 
oxidation, and mitochondrial biogenesis (Lindegaard et al., 2013; Mounier 
et al., 2015).  Activation of AMPK in skeletal muscle also improves insulin 
sensitivity and controls adipocyte differentiation in intramuscular fat 
(Bijland et al., 2013; Friedrichsen et al., 2013). 
In mammals, adipocyte differentiation is a strategy that prevents 
lipotoxicity and induces fatty acid oxidation in non-adipose tissue such as 
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skeletal muscle (Minokoshi et al., 2002; Musa et al., 2011).  However, lipid-
induced oxidation can potentially affect the mitochondria.  Uncoupling 
protein 3 (UCP 3) has been reported to protect the mitochondria (Boss et 
al., 2000; Boss et al., 1998) and is present in tissues that expend energy 
such as skeletal muscle (Vidal-Puig et al., 1997).  Unlike other members of 
the uncoupling protein family, UCP3 is predominantly expressed in 
skeletal muscle and not in white adipose tissue (Schrauwen and 
Hesselink, 2002).  In energy balance, the direct effect of leptin on UCP3 
activity has not been investigated, but both leptin release and UCP3 are 
activated by the AMPK pathway (Chu et al., 2015; Fuentes et al., 2013; 
Park and Ahima, 2014; Zhou et al., 2000). 
 
1.6 Appetite regulation in a desert rodent 
Deserts are challenging environments and animals have adapted 
their physiology, morphology and behaviour to thrive in the aridity and 
extreme temperatures of deserts.  In such conditions, physiological 
mechanisms that permit the conservation of water are a common 
characteristic of desert animals in order to maintain fluid volume and 
extracellular fluid osmolarity.  Desert animals lose water primarily via 
evaporative water loss (EWL) from respiration and the skin, and excretion 
of water from the kidney and the gastrointestinal tract.  Evaporative water 
loss is important for the thermal balance of desert animals as it provides a 
mechanisms of evaporative cooling (Ariagno et al., 1997).  However, 
desert mammals have the ability to reduce EWL in order to conserve 
water (Bozinovic and Contreras, 1990; Tieleman et al., 2003).  This is 
elegantly shown in the xeric kangaroo rat, Dipodomys merriami, in which 
EWL is reduced by 36% compared to mesic conspecifics (Tracy and 
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Walsberg, 2001).  To minimise the need for EWL, small desert mammals 
exhibit behavioural adjustments such as burrowing in humid 
environments and being nocturnal (Hetem et al., 2012; Okrouhlik et al., 
2015).  In addition, some larger desert mammals such as Arabian oryx, 
Oryx leucoryx, and the Arabian sand gazelle, Gazella subgutturosa marica, 
demonstrate flexibility in their thermal regulation by employing 
heterothermy to survive in extreme temperatures, which reduces EWL 
(Hetem et al., 2012). 
In order to conserve water, smaller desert rodents and marsupials 
are renowned for their ability to produce a small volume of concentrated 
urine (6,000 mOsm.kg-1 to 9,000 mOsm.kg-1; see Schmidt-Nielsen, 1979; 
Degen 1997; Bozinovic and Gallardo 2006; Gordge and Roberts 2008).  For 
example, both the Spinifex hopping mouse of central Australia (Notomys 
alexis; MacMillen and Lee 1967), and the desert mouse possum of South 
America (Thylamys pusilla; Diaz et al. 2001), have been reported to excrete 
urine with a concentration in excess of 9,000 mOsm.kg-1.  The ability to 
achieve such a high urinary concentration is due to a renal architecture 
that generates a high solute concentration in the renal medulla, which 
maximises water reabsorption in the distal tubule and collecting duct 
(Pannabecker, 2013).  Furthermore, desert mammals generally have a 
lower glomerular filtration rate that reduces the volume of filtrate 
delivered into the nephron tubules (Degen 1997; Gordge and Roberts 
2008).  In addition to the kidney, the gastrointestinal system of desert 
mammals has anatomical specialisations that increases the intestinal 
surface area to enhance the reabsorption of water and nutrients (Murray 
and Dickman, 1995; Degen 1997). 
Without drinking water, desert mammals have strategies to gain 
water by mechanisms that maximise obtaining preformed water from 
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food, and the generation of metabolic water from the oxidative 
metabolism of food substrates (Degen, 1997).  However, given the 
importance of food as a direct and indirect source of water, little is known 
about how desert mammals can regulate appetite to increase substrate 
provision for metabolic water production.  My laboratory investigated this 
in the Spinifex hopping mouse, Notomys alexis.  Takei et al. (2012) reported 
a biphasic feeding pattern when hopping mice were water deprived for 
twenty-nine days, but had ad libitum access to food.  There was an initial 
hypophagia that was followed by a sustained food intake for the latter 
phase of water deprivation, which was above that of water-replete 
animals; this is the first time this feeding behaviour has been reported.  In 
a subsequent experiment, the peripheral and central regulation of food 
intake was examined in the first twelve days of water deprivation that 
corresponded with the biphasic food intake.  In brief, plasma leptin 
declined in parallel with the catabolism of body fat, plasma ghrelin was 
significantly increased, and the mRNA expression of the orexigenic and 
anorectic appetite regulating peptides in the hypothalamus were up- and 
down-regulated, respectively, in accordance with the expected pattern for 
an appetite stimulation to drive food intake (Takei et al., 2012). 
However, there are many unanswered questions from the study of 
Takei et al. (2012) as the peripheral and central control of food intake and 
energy balance was not determined over the entire twenty-nine days of 
the water deprivation study, as it focussed on the biphasic component of 
the food intake profile and not the phase with the sustained food intake 
following the hypophagia (Fig. 1-5).  The first part (Part 1) of this thesis 
will examine appetite and energy regulation in Spinifex hopping mice 
during water deprivation as follows: 
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 Chapter 2 will focus on the hypothalamic responses of 
appetite regulating neuropeptide and energy regulating 
genes during water deprivation. 
 Chapter 3 will focus on the effect of water deprivation on the 
expression of genes involved in the regulation of energy 
balance. 
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Figure 1-5 Water deprivation and leptin regulation in hopping mice.  Summary 
of the effects of water deprivation in hopping mice after 30 days of water 
deprivation and leptin regulation up to day 12 of water deprivation, based on the 
study of Takei et al. (2012).  The findings of the study are denoted in pink boxes, 
whereas the questions that arose from the study are denoted in light green boxes. 
 
  
 
  
2 Appetite regulation in water-deprived 
Spinifex hopping mice, Notomys alexis 
CHAPTER 2 
Part 1: Appetite regulation in hopping mice 
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2.1 Introduction 
Spinifex hopping mice, Notomys alexis, are small, desert-dwelling 
rodents that are highly adapted to survive in arid environments, and 
inhabit the deserts of central and western Australia.  Like many desert 
rodents, hopping mice have a range of behavioural and physiological 
adaptations that permit survival in xeric environments in which they must 
live for extended periods without access to free water (MacMillen and Lee, 
1969; Weaver et al., 1994). Such adaptations to conserve water include a 
lower metabolic rate, reduced evaporative water loss, burrowing in a 
humid environment, production of a small volume of highly concentrated 
urine, and excretion of dry faeces.  With respect to renal function, hopping 
mice have elongated loops of Henle that can extend as far as the urethra, 
and are, therefore, capable of excreting very concentrated urine; in fact, 
they have been reported to produce the most concentrated urine of any 
mammal (9370 mOsm.L-1) (Hewitt, 1981; MacMillen and Lee 1969).  
Furthermore, the colon of the hopping mouse has a greater absorptive 
area than that of non-desert rodents, which allows for an increased water 
reabsorption, facilitating the production of small quantities of dry faeces.  
A larger surface area of the colon also serves to increase the metabolism of 
lipids to produce water (Degen, 1997), which is an important adaptation of 
desert mammals such as hopping mice (Degen, 1997; MacMillen and Lee, 
1969; Murray et al., 1995). 
As indicated in Chapter 1, in the absence of drinking water, desert 
rodents can maximise the ingestion of preformed water in food for the 
production of metabolic water (Degen, 1997).  Many desert mammals can 
obtain sufficient water from food by omnivory, and in concert with an 
increased colonic surface area, reduced EWL, and reduced renal water 
loss, they can maintain water balance.  However, some desert mammals, 
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particularly rodents, can survive on the consumption of food with little or 
no preformed water (e.g. seeds), and are dependent on the production of 
metabolic water to maintain water balance.  Intriguingly, seed selection 
trials have shown desert rodents such as kangaroo rats, Dipodomys 
merriami (Frank, 1988a), and sandy inland mouse, Pseudomys 
hermannsburgensis (Murray and Dickman, 1997), can select seeds with a 
higher moisture content and therefore ingest food with more preformed 
water. 
As discussed in Chapter 1, little is known about how desert 
mammals can regulate appetite to increase substrate provision for 
metabolic water production.  My laboratory previously investigated food 
intake and the appetite control system during free water deprivation in 
hopping mice to determine if they are modulated in response to water 
restriction (Takei et al., 2012), and the findings are summarised in Chapter 
1.  The aim of this chapter is to further examine the peripheral and central 
regulation of appetite during water deprivation of hopping mice, with 
particular focus on the sustained food intake that was observed after the 
initial hypophagia described in the experiments of Takei et al. (2012).  In 
addition, the effect of water deprivation on selected genes involved in 
energy regulation in the hypothalamus was examined. 
 
2.2 Materials and methods 
2.2.1 Animals  
Spinifex hopping mice, N. alexis (body mass 25 – 40 g), were 
obtained from a breeding colony at Deakin University.  Under normal, 
water-replete conditions, the animals were housed in standard rat boxes 
containing straw, sawdust and paper towel for bedding, in a temperature 
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controlled room (21 C) with a 12:12 h light-dark cycle (lights on at 08:00).  
The animals received water ad libitum, and were fed millet seed, mixed 
grains, fruits and vegetables.  All experimental procedures were 
performed according to the guidelines of the Deakin University Animal 
Ethics Committee. 
For the water deprivation experiment, the animals were allocated 
into six groups (n=7 animals per group).  Prior to the experiment, a diet of 
millet seed was gradually introduced, which coincided with the removal 
of fruits and vegetables over a two-week period.  The millet seed was 
served in a petri dish in the food chamber that was covered with chicken 
wire to prevent scattering of seeds and husks throughout the cage.  The 
food chamber was a covered bisphenol-A free clear plastic food container 
with a single opening (Fig. 2-1).  Prior to the study, hopping mice had ad 
libitum access to fresh drinking water.  At the commencement of the 29 
day water deprivation experiment, the drinking water was removed, and 
the animals were provided with a diet of millet seed alone.  A control 
group containing water-replete animals were sampled at day 0. 
Animal mass and food consumption were recorded daily for the 
duration of the experiment.  Hopping mice were humanely killed with 
isofluorane anaesthesia, and the brain, stomach, heart, liver, kidney and 
skeletal muscle (vastus lateralis) were sampled at 5 time points (days 2, 5, 
10, 17 and 29), respectively, and frozen in liquid nitrogen and stored at -80 
C until used.  Blood samples were collected into microcentrifuge tubes 
containing aprotinin (500 kIU.mL-1) and disodium EDTA (1.25 mg.mL-1, 
and stored at 4 °C.  To isolate the plasma, tubes were gently rocked and 
centrifuged at 1,500 x g for 15 min at 4 °C, and the plasma was transferred 
into new tubes and frozen at -80 °C until used.  The plasma samples that 
were used for the ghrelin ELISA were treated with 1M HCl at 10% of the 
plasma volume to maintain stability of the active (n-octoylation) form of 
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ghrelin (Hosoda et al., 2004).  Glucose concentration of the plasma samples 
was determined using Accu-Chek Performa glucometer (Roche 
Diagnostics Aust. Pty. Ltd., Australia) and performed according to the 
manufacturer’s protocol.  The glucometer response time is approximately 
5 sec and the range of measurement was between 0.6 to 33 mM.L-1. 
The body fat content of the carcass of each hopping mouse at days 
2, 17 and 29 was determined by dual energy X-ray absorptiometry (DEXA) 
using a Norlane Stratec DEXA Sabre XL (Stratec Medizintechnik GmbH) 
forearm densitometer.  The scanner is equipped with an inherent filter (6 
mm, Al) and an additional filter (0.25 mm, Sn). 
 
 
Figure 2-1 (A) Common shelter for hopping mice (B) The food chamber was fixed 
with one access point.  The petri dish containing the millet seed was secured 
using chicken wire to avoid the animals scattering the seeds.  The red arrow is 
pointing to the only access to the food chamber. 
 
2.2.2 Leptin and ghrelin ELISA  
Plasma ghrelin and leptin were measured using specific ELISA kits 
for each peptide.  Plasma leptin was measured using a mouse leptin 
development kit (PromoKine) with some modifications.  Briefly, the leptin 
concentration was measured using a leptin standard ranging between 0 to 
1.25 ng.mL-1.  In this study, plasma leptin was diluted 1:10 in a diluent 
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(0.05% Tween-20, 0.1% bovine serum albumin (BSA; Sigma)) for ELISA 
analysis.  The microplates were prepared by coating each of the wells with 
capture antibody (1 μg of antigen-affinity purified rabbit anti-leptin + 25 
μg of D-mannitol), which were incubated overnight at room temperature.  
This was followed by a blocking step using blocking buffer (1% BSA) in 
phosphate-buffered saline (PBS), and then incubation for 1 h at room 
temperature.  Following this, leptin standard and plasma were loaded in 
triplicate onto the microplate and incubated at room temperature for 2 h.  
Thereafter, detection antibody (1 μg of biotinylated antigen-affinity 
purified rabbit anti-leptin + 25 μg D-mannitol per mL) was added to each 
well and was incubated for 2 h at room temperature.  Following the 
detection step, avidin-HRP conjugate diluted 1:2000 in diluent (0.05% 
Tween-20, 0.1% BSA in PBS) was loaded into the wells and incubated for 
30 min at room temperature.  The reaction was stopped using 3,3’,5,5’-
Tetramethylbenzidine (TMB, Sigma T4444) and further incubated at room 
temperature for colour development; the plates were then read at 450 nm.  
The plates were washed 4 times using wash buffer (0.05% Tween-20, 
Sigma, in PBS) following each step of plate preparation of the ELISA 
protocol. 
A rat/mouse ghrelin ELISA kit (LINCO Research, Missouri, USA) 
was used to determine plasma ghrelin levels by adopting a sandwich 
ELISA technique, according to the manufacturer’s protocol that was 
similar to the protocol described for leptin.  Each sample was loaded in 
triplicate using a 96-well microplate, and the absorbance was read at 450 
and 590 nm on a SpectraMax 340 PC384 plate reader. 
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2.2.3 Molecular techniques 
2.2.3.1 Isolation of RNA 
Total RNA was extracted from the hypothalamus and stomach of 
hopping mice using a TRI-Reagent protocol (Sigma).  Approximately 20 
mg of tissue was added to a 1.5 mL centrifuge tube containing 1.0 mm 
silica beads (Biospec Products, Inc), and 1.0 mL of TRI Reagent (Sigma).  
The tissue suspension was mechanically disrupted using a high-speed 
benchtop homogeniser (FastPrep-24) at 6.5 M.sec-1 for 60 sec.  Three 
hundred µL of chloroform were added to each mL of TRI-Reagent used, 
mixed vigorously for 15 sec, and the incubated at room temperature for 15 
min.  Following incubation, the suspension was centrifuged for 15 min 
(12,000 rpm) at 4 °C using a Beckman Allegra™ 21R Centrifuge to separate 
the organic and aqueous compounds.  An aliquot of the upper aqueous 
phase was transferred to a fresh tube.  Isopropanol and strong salt 
solution (1.2 M NaCl, 0.8 M Na3C6H5O7 (sodium citrate)) were each added 
at half the volume of the total RNA in the aqueous phase.  The suspension 
was incubated at -20 °C for precipitation, and then centrifuged at 12,000 x 
g at 4 °C for 30 min, and the pellet was washed with 75% ethanol, followed 
by a final wash with 99% ethanol and then air dried for 5 -10 min.  The 
RNA pellet was reconstituted in 20 - 50 µL nuclease free water (NFW; 
depending on the size of the pellet) and the RNA solution was stored at -
80 °C until required.  The RNA concentration and purity was determined 
using a NanoDrop® 1000 spectrophotometer.  The integrity of the RNA 
was verified using the ratio of absorbance at 260/280 nm. 
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2.2.3.2 First-strand complementary DNA (cDNA) synthesis 
cDNA synthesis for reverse transcription PCR 
One µg of RNA was used for reverse transcription into first strand 
cDNA using oligo (dT) priming and SuperScript II Reverse Transcriptase 
(Invitrogen), according to the manufacturer’s protocol.  The quality of 
cDNA was verified by amplification of glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH), a house-keeping gene (HKG). 
cDNA synthesis for real-time PCR 
The mRNA was reverse transcribed into first strand cDNA using 
SuperScript III Reverse Transcriptase (Invitrogen).  Prior to reverse 
transcription, the RNA was treated with DNase I to ensure it was free 
from genomic contamination (Schmittgen and Livak, 2008).  One µg of 
RNA was treated with 1 unit/µg DNase I prior to reverse transcription.  
The final 10 µL DNase treatment reaction solution contained 1 X DNase I 
reaction buffer (20 mM Tris-HCl, pH 8.4; 2 mM MgCl2, 50 mM KCl) and 
NFW.  The reaction was incubated at room temperature for 15 min and 
then 1 µL of EDTA (25 mM, pH 8.0) was added to inactivate the DNase I, 
followed by a further incubation at 65 °C for 10 min.  Following the DNase 
I treatment, 1 of µL random pentadecamers (250 ng.µL-1) and 2 µL dNTPs 
(10 mM each) were added to the DNase treated RNA and incubated at 65 ° 
C for 5 min and then cooled on ice.  Eight µL of 5X First-strand reaction 
buffer (250 mM Tris-HCl (pH 8.3), 375 mM KCl, 15 mM MgCl2), 2 µL 100 
mM dithiothreitol (dTT) and 100 units (1 µL) of SuperScript III reverse 
transcriptase were mixed in a reaction tube.  The final reaction volume 
was 40 µL with the addition of NFW.  An additional 40 µL of NFW was 
added to the synthesised cDNA solution making the final volume of 
cDNA at 80 µL. 
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2.2.3.3 Primer design 
The oligonucleotides to initiate the priming sites of genes from the 
hopping mouse were designed based on the respective sequence in 
mouse, Mus musculus, which were obtained from the NCBI database 
(http://www.ncbi.nlm.nih.gov/).  Oligonucleotides priming the 
amplification of each gene for conventional PCR were designed using 
Gene Runner v.3.05.  Primer Express software was used to design primers 
for real-time PCR analysis derived from a confirmed amplicon sequence 
for hopping mice.  GAPDH (accession number: NM 008084) was used as a 
HKG for reverse transcription PCR.  Primers for both reverse transcription 
PCR and real-time PCR of each gene are listed in Table 2-1.  Linear 
regression analysis for each real-time PCR primer pair ranged between 
0.98 and 0.99, with amplification efficiencies >95%. 
2.2.3.4 Conventional PCR 
Conventional PCR was performed in a 0.2 mL thin-walled tube 
using an Eppendorf Mastercycler.  The 20 µL reaction solution contained 
0.25 mM of dNTP, 1.875 mM of MgCl2, 1 µM forward and reverse primers, 
2 units of Taq Polymerase and 1 µL of cDNA.  Thermal cycling was 
initiated by a prolonged denaturation at 94 °C for 3 min followed by the 
reaction cycles as described in Table 2-2.  Thermal cycling was terminated 
by a final extension at 72 °C for 3 min.  A tissue distribution analysis of 
leptin mRNA expression was performed on white adipose, brain, skeletal 
muscle (vastus lateralis), heart, brown adipose, liver and kidney. 
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Table 2-1 Priming oligonucleotides for reverse transcription PCR and real-time 
PCR. 
 
Accession 
Number 
 Sequence (5'- 3')  
Reverse transcription PCR  
Product 
size (bp) 
GAPDH XM_001476707 F GAAGGTCGGTGTGAAGAC 999 
  
R TTACTCCTTGGAGGCCATGTAGG 
 LepRb NM_146146.2 F AGAGCACCCAGGTAACCTGTG 616 
  
R TGGAACCTTGAGGCTTCTTG 
 POMC NM_008895 F CAACGGAGATGAACAGCC 512 
  
R CCTTCTTGTGCGCGTTCTTG 
 NPY NM_023456.2 F GAGGCACCCAGAGCAGAC 427 
  
R ACAGGCAGACTGGTTTCAGG 
 CRH NM_205769 F ATGCTGCTGGTGGCTCTGTC 469 
  
R CCKGGCCATTTCCAAGACTTC 
 MCH NM_029971 F CTCTTCCTACATGTTAATGCTG 448 
  
R CAGCATACACCTGAGCATGTCA 
 PPAR- NM_001127330 F CAGTTGATTTCTCCAGCATTTC 565 
  
R CGGGAAGGACTTTATGTATGAG 
 PTP1B NM_011201 F CACCTGCCTCTTACTGATGGAC 415 
  
R CAGTGTCTGGACTCATGCTGC 
    Real-time PCR   
LepRb 
 
F CCTCAGTCAACAAAAGAGAGAATGG 70 
  
R GCTGGGAATGGGCACAATAC 
 GHSR-1a F GCACGAGAACGGCACAGAT 67 
  R CAGAGCGCACGGCAAAC  
Ghrelin  F GATCAGGTTCAATGCTCCCTTT 77 
  R GGCCCGGCCATGCT  
NPY 
 
F ACCCCTCCAAACCTGACAATC 86 
  
R TGTAGTGTCGCAGAGCAGAGTATC 
 POMC KX265237  F GGTGAAGGTGTACCCCAACGT 76 
  
R ATCCAGCTCCCTCTTGAACTCTAG 
 CRH KU170059  F CGCAGCCCTTGAATTTCTTG 71 
  
R TTCACCCATGCGGATCAGA 
 MCH KX265238 F CATGAACGATGACGAAAACAAGA 78 
  
R CTCAGTGGCAGACCGTGAGTT 
 PPAR- KX265239   F GAGAAGCTGTTGGCGGAGAT 70 
  
R GGCTCGCAGATCAGCAGACT 
 PTP1B KU170058 F GACCAGCTGCGCTTCTCCTA 64 
  
R CCGAGTCACCCATGATGAACT 
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Table 2-2 Thermal cycling conditions for reverse transcription PCR. 
Gene Denaturation Annealing  Extension Cycles 
GAPDH 94  °C 40 sec 58  °C 30  sec 72  °C 40 sec 26 
GHSR-1a 94  °C 40 sec 58  °C 30  sec 72  °C 40 sec 36 
LepRb 94  °C 45 sec 62  °C 30 sec 72  °C 45 sec 36 
NPY 94  °C 45 sec 60  °C 30 sec 72  °C 45 sec 36 
POMC 94  °C 45 sec 60  °C 30 sec 72  °C 45 sec 36 
NPY 94  °C 45 sec 60  °C 30 sec 72  °C 45 sec 36 
CRH 94  °C 45 sec 60  °C 30 sec 72  °C 45 sec 36 
MCH 94  °C 45 sec 60  °C 30 sec 72  °C 45 sec 36 
PTP1B 94  °C 45 sec 60  °C 30 sec 72  °C 45 sec 36 
PPAR- 94  °C 45 sec 60  °C 30 sec 72  °C 45 sec 36 
 
2.2.3.5 Agarose gel electrophoresis 
Agarose gel electrophoresis was performed for DNA analysis.  One 
hundred mL of 0.5X TBE buffer was added into a flask containing 1.5 g 
DNA grade of agarose and heated.  The agarose was dissolved, then cast 
on a gel tray.  The gel was run at 100V – 110V for 1 h, stained with 
ethidium bromide solution (50 mg.L-1) for 15 min, and viewed under a UV 
light using the Syngene program. 
2.2.3.6 Gel clean-up 
Following gel electrophoresis, amplicons of the correct size were 
excised and purified using a NucleoSpin Extract II kit (Scientifix) as per 
the manufacturer’s protocol.  The excised band was transferred into a 1.5 
mL microcentrifuge tube then weighed (mg).  NT buffer is a DNA binding 
agent.  For each 10 mg of the agarose gel (excised band), 20 µl of the NT 
buffer was used.  The mixture of the agarose gel band and NT buffer was 
heated at 50 °C for 10 – 15 min to dissolve the gel and to bind the DNA.  
The solution was then transferred into a silica spin column, and the silica 
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column was centrifuged at 11 000 × g for 1 min.  The flow through was 
discarded, and the column returned to the collecting tube.  To wash the 
silica membrane, 600 µL of NT3 buffer was added to the column and 
centrifuged for 1 min at 11,000 x g using an Eppendorf microcentrifuge 
5415 D.  The flow through was discarded, and the silica column was 
returned to the collecting tube, and then centrifuged at 11 000 x g for 2 min 
to remove the remaining NT3 buffer.  The silica column was placed into a 
new 1.5 mL microcentrifuge tube, and 20 – 35 µL of pre-warmed NE 
solution was added to the column, which was incubated for 1 min at room 
temperature for a better DNA yield.  Finally, the tube was centrifuged at 
11 000 x g for 1 min to collect the eluted DNA.  The DNA concentration 
and purity was determined using a NanoDrop 1000 spectrophotometer.  
2.2.3.7 Nucleotide Sequencing 
The nucleotide sequences were determined by standard dye 
terminator chemistry using BigDye Terminator v.3.1 cycle sequencing kit 
(Applied Biosystems) in an ABI PRISM 3100 Genetic Analyser.  The 
sequencing reaction contained 1 µL of terminator reaction mix, 3.5 µL of 
5X Sequencing Buffer, 1 µL of primer (20 µM), 20 – 50 ng of purified DNA 
template and NFW to make up the final reaction to 20 µL.  The sequencing 
reaction was performed with an initial denaturation at 96 °C and 25 cycles 
of denaturation at 96 °C for 10 sec, annealing at 50 °C for 5 sec, and 
extension at 60 °C for 4 min, and then was held at 4 °C.  After the 
amplification, the product was precipitated with ethanol/EDTA/sodium 
acetate and the reaction mixture was transferred to a new 1.5 mL 
microcentrifuge tube.  Two µL of 125 mM EDTA, 2 µL of 3 M sodium 
acetate, and 50 µL of 100% ethanol were added to the tube that was 
inverted four times, followed by incubation at room temperature for 15 
min to precipitate the DNA.  The sample was centrifuged at 3000 x g at 
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4 °C for 30 min.  The supernatant was removed and 70 µL of 70% ethanol 
was added and centrifuged at 1700 x g at 4 °C for 15 min.  The supernatant 
was discarded, and the tube was left to air-dry.  The purified samples 
were sent for sequencing using an Applied Biosystems 3130 Genetic 
Analyser. 
2.2.3.8 Real-time PCR 
The mRNA expression at the different time points of water 
deprivation was quantified using real-time PCR.  A two-step thermal 
profile was performed using a RotorGene 3000 (Corbett Research).  The 25 
µL final reaction volume contained 2 µL of diluted cDNA, a primer pair 
(100 nM of forward and reverse), 12.5 µL of SYBR Premix Ex Taq (Takara 
Biotechnology) and NFW.  A melting-curve analysis was performed to 
examine the specificity of the reaction by ramping the temperature from 
72 °C to 95 °C at 1 °C increments every 5 sec.  Amplification conditions 
involved an initial denaturation at 95 °C for 10 sec, followed by 40 cycles 
at 95 °C for 5 sec and 60 °C for 20 sec.  All reactions were performed in 
duplicate including the negative template controls with each primer pair, 
and a melting-curve analysis was routinely performed after cycling to 
ensure the specificity of the amplification products.  Data for real-time 
PCR was analysed using delta delta Ct 2-∆∆CT protocol.  The threshold cycle 
value from the real-rime PCR analysis was normalised against the 
concentration of single-stranded cDNA (Huggett et al., 2005; Rhinn et al,  
2008) using the following equation: 
2−∆∆CT =
∆𝐶𝑡
𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑐𝐷𝑁𝐴
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2.2.3.9 Single-stranded cDNA quantification 
The concentration of single stranded cDNA was quantified using 
Quant-it OliGreen ssDNA Reagent (Invitrogen; Rhinn et al., 2008).  Briefly, 
a standard curve was generated using an oligonucleotide standard 
ranging from 10 ng.mL-1 to 1 µg.mL-1 and the cDNA was diluted in TE 
buffer (1:50).  Using a 96-well microplate, the samples and standards were 
loaded into the well at a 1:1 dilution with OliGreen reagent (diluted at 
1:200) to a final volume of 200 µL.  Each standard/sample was performed 
in triplicate and the reaction was read using a multi-label plate reader 
(Perkin Elmer-VICTOR X5) at standard wavelengths for fluorescein 
(excitation ~480 nm, emission ~520 nm). 
2.2.4 Statistical analysis 
Statistical analysis was performed using IBM SPSS version 22.  Raw 
data were subjected to Box-plot analysis and Levene’s test to identify 
outliers and to analyse the assumption of homoscedasticity of the 
variance, respectively.  Raw data that are presented in percentage, such as 
body fat content, were transformed using arcsine prior to analysis of 
variance.  Data that failed a Levene’s test were subjected to a non-
parametric Kruskal-Wallis-independent t-test.  A summary of the analysis 
of variance (ANOVA) tests that were performed are presented in Table 2-
3.  The association between the expression levels of different genes was 
assessed using a Pearson correlation.  p value is set at 0.05. 
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Table 2-3 A summary of ANOVA and post-hoc tests performed for data analysis. 
 
  
Data Analysis of variance  Post-Hoc  
Body weight (g) One-way ANOVA Dunnett's one-tailed-t-test 
Body fat content (%) One-way ANOVA  
Food intake One-way ANOVA Duncan 
Plasma glucose One-way ANOVA  
Plasma leptin One-way ANOVA Duncan 
Ghrelin One-way ANOVA Duncan 
GHSR-1a One-way ANOVA Duncan 
NPY One-way ANOVA Duncan 
LepRb   Welch and Kruskal-Wallis  
POMC  One-way ANOVA  
CRH  One-way ANOVA  
MCH  One-way ANOVA   
PTP1B  One-way ANOVA Duncan 
PPAR- One-way ANOVA  
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2.3 Results 
2.3.1 Body mass  
Figure 2-2 shows the mean body mass of hopping mice from day 0 
(water-replete) until day 29 of water deprivation.  The mean starting mass 
of the animals was 31.84 ± 0.82 g.  Upon removal of drinking water, a 
rapid loss in body mass was observed at day 2 of water deprivation, 
compared to water-replete hopping mice (p<0.05).  A continuous loss of 
body mass was recorded until day 6 of water deprivation, and at day 7 of 
water deprivation, the hopping mice had lost approximately 20% of their 
body mass.  From day 7 onwards, there was no further significant loss in 
body mass, although there was a slight reduction observed at days 18 and 
19.  At day 29 of water deprivation, the water-deprived hopping mice had 
maintained their body mass at 80% (24.15 g ± 0.66) of the initial body 
mass. 
2 5 8 1 1 1 4 1 7 2 0 2 3 2 6 2 9
2 0 .0
2 5 .0
3 0 .0
3 5 .0
D a y  o f w a te r  d e p riv a tio n
B
o
d
y
 m
a
s
s
 (
g
) *
 
Figure 2-2 Daily body mass (g) was recorded for 29 days and changes in body 
mass from water-deprived hopping mice were compared to water-replete 
hopping mice at day 0.  Data are presented as mean ± SEM.  * denotes a 
significant difference between the day of water deprivation to water-replete 
animals at day 0 (p<0.05).  
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2.3.2 Body fat content 
Water deprivation caused a decrease in the visible white adipose 
tissue in the intraperitoneal and subcutaneous areas, such that after 5 days 
of water deprivation, no white adipose tissue in subcutaneous and 
intraperitoneal areas could be visually observed, compared to water-
replete animals.  The body fat content was determined using DEXA 
scanning.  The carcasses of hopping mice from day 0 (water-replete), day 
17, and day 29 of water deprivation were scanned (Fig. 2-3).  Water-
deprived hopping mice had a consistent loss of body fat during the 
experiment, and at day 29 of water deprivation, the animals had lost 
approximately 10% body fat, but the loss was not statistically significant 
(p>0.05) compared to days 0 and 17. 
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Figure 2-3 Body fat (%) of the hopping mice obtained by DEXA scanning.  Data 
are presented as mean ± SEM value. 
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2.3.3 Food intake and changes in body mass 
Daily food intake by hopping mice was measured for 29 days of the 
water deprivation experiment, and average daily food intake per mouse is 
plotted in Fig. 2-4.  Hopping mice reduced their food intake immediately 
in response to the removal of drinking water.  The amount of food 
consumed by animals at day 1 of water deprivation was significantly less 
than that of the water-replete group.  The water-deprived hopping mice 
continued to eat less food at day 2 and day 3 of water deprivation (p<0.05).  
From day 4 until day 10 of water deprivation, water-deprived hopping 
mice began to steadily increase their food consumption.  The amount of 
food consumed from day 11 until day 29 fluctuated slightly, but was not 
significantly different to the food consumed by water-replete hopping 
mice at day 0. 
The proportion of food intake to body mass during water 
deprivation was calculated and plotted in Fig. 2-5.  In response to water 
deprivation, food intake was negatively correlated with total body mass 
(p<0.05).  Relative to the average of the total body mass, hopping mice ate 
less food on day 1 and day 2, compared to the water-replete group.  
Water-deprived hopping mice showed a small increase in food 
consumption on day 3.  A gradual increase in the proportion of food 
intake to body mass was consistently observed until day 10 of water 
deprivation.  After day 10, water-deprived animals ate more food in 
proportion to their mass compared to the water-replete group (Fig. 2-5). 
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Figure 2-4 Daily food intake (g) of hopping mice was determined and average 
food intake (g) per mouse was calculated.  Data are presented as mean ± SEM.  * 
denotes a significant difference in food consumed by hopping mice between day 
of water deprivation (p<0.05). 
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Figure 2-5 Average amount of food consumed (g) per average body mass (g) 
throughout the water deprivation study. 
  
Part 1: Appetite regulation in hopping mice 
 
46 | P a g e  
 
2.3.4 Peripheral appetite signals 
2.3.4.1 Plasma glucose 
The plasma glucose levels of hopping mice were measured at day 0 
(water- replete), 2, 5, 10, 17, and 29 of water deprivation, respectively (Fig. 
2-7).  A steady-state in plasma glucose levels was observed at day 2 of 
water deprivation, and then the level of plasma glucose was slightly 
decreased at day 5 of water deprivation (p>0.05).  A further reduction in 
the level of plasma glucose was observed in the prolonged water-deprived 
hopping mice (day 10 until 29) but the difference was not significant (p> 
0.05). 
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Figure 2-6 Graphical representation of the levels of plasma glucose (mmol.L-1) 
measured in water-replete (day 0) and water-deprived hopping mice.  Data are 
presented as mean ± SEM. 
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2.3.4.2 Plasma leptin 
The concentration of plasma leptin during water deprivation is 
presented in Fig. 2-7.  The plasma leptin levels decreased at day 2 and day 
5 of water deprivation compared to water-replete hopping mice but this 
was not significant (p>0.05).  At day 10 and day 17 of water deprivation, 
the concentration of plasma leptin increased significantly in comparison to 
the plasma leptin concentration at days 2 and 5 (p<0.05), but not the day 0 
water-replete group (p>0.05).  At day 29 of water deprivation, the 
concentration of plasma leptin was significantly increased compared to 
days 0, 2, 5, 10, and 17 (p<0.05).  There was a strong positive correlation 
between the duration of water deprivation and the concentration of 
plasma leptin (r2=0.9). 
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Figure 2-7 Graphical representation of the concentration of plasma leptin (ng.mL-
1) measured in water-replete (day 0) and water-deprived hopping mice.  Data are 
presented as mean ± SEM.  Letters shared in common amongst groups indicate 
no significant difference between them. 
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2.3.4.3 Plasma ghrelin 
The concentration of plasma ghrelin is presented in Fig. 2-8.  
Plasma ghrelin concentrations in water-deprived hopping mice were 
stable up to day 5.  At day 10 of water deprivation, there was a significant 
increase in plasma ghrelin (p<0.05).  However, on day 17 and day 29 of 
water deprivation, the plasma ghrelin concentration had returned to a 
similar level to days 0, 2 and 5, respectively. 
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Figure 2-8 Graphical representation of the concentration of plasma ghrelin 
(pg.mL-1) measured in water-replete (day 0) and water-deprived hopping mice.  
Data are presented as mean ± SEM.  Letters shared in common amongst groups 
indicate no significant difference.  
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2.3.4.4 Gastric ghrelin mRNA expression 
Ghrelin mRNA expression in the stomach of hopping mouse is 
presented in Fig. 2-9.  At day 2, ghrelin mRNA expression in hopping mice 
increased significantly (p<0.05) and was at the highest level compared to 
water-replete controls and water-deprived hopping mice at days 5, 10, 17 
and 29.  At day 5, the level of gastric ghrelin mRNA was reduced, but it 
remained significantly higher than water-replete control (p<0.05).  A 
gradual decrease in ghrelin mRNA expression was observed at day 10 
until day 29, at which time the level of gastric ghrelin mRNA expression in 
these animals was similar to water-replete animals. 
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Figure 2-9 Graphical representation of the relative expression of gastric ghrelin 
mRNA in water-replete and water-deprived hopping mice.  Data are presented 
as mean ± SEM.  Similar letters amongst the groups indicate no significant 
difference. 
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2.3.5 The effect of water deprivation on appetite-regulating genes in 
the hypothalamus 
The LepRb, POMC, MCH, CRH, PTP1B, PPAR- and NPY mRNA 
were found to be expressed in the brain of water-replete hopping mice.  
The confirmed sequence of each gene was used to construct priming 
oligonucleotides that were specific to hopping mice for real-time PCR. 
 
2.3.5.1 Hypothalamic ghrelin mRNA expression 
The expression of ghrelin in the hypothalamus of hopping mice is 
shown in Fig. 2-10.  There was low ghrelin mRNA expression in day 0 
water-replete animals, which was significantly increased at day 2 of water 
deprivation (p<0.05).  This was followed by a further significant increase in 
hypothalamic ghrelin mRNA expression at days 5, 10, 17, and 29 of water 
deprivation, respectively (p<0.05). 
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Figure 2-10 Graphical representation of the relative expression of hypothalamic 
ghrelin mRNA in water-replete and water-deprived hopping mice.  Data are 
presented as mean ± SEM.  Similar letters amongst the groups indicate no 
significant difference. 
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2.3.5.2 Hypothalamic GHSR-1a mRNA expression 
The expression of GHSR-1a mRNA in the hypothalamus of 
hopping mice is presented in Fig. 2-11. The hypothalamic GHSR-1a 
mRNA expression was similar between day 0 water-replete, and day 2 
water-deprived animals.  However, at day 5 of water deprivation, the 
hypothalamic GHSR-1a mRNA expression decreased significantly and 
remained low until day 29 of water deprivation (p<0.05).  Hypothalamic 
GHSR-1a mRNA expression showed a positive correlation with the 
mRNA expression of hypothalamic PPAR- (r=0.588, n=19, p<0.05) and 
PTP1B (r=0.558, n=25, p<0.05).  The expression of hypothalamic GHSR-1a 
mRNA displayed an inverse correlation to the length of water deprivation 
(r= -0.418, n=26, p<0.05). 
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Figure 2-11 Graphical representation of the relative expression of hypothalamic 
GHSR-1a mRNA in water-replete and water-deprived hopping mice.  Data are 
presented as mean ± SEM.  Similar letters amongst the groups indicate no 
significant difference.  
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2.3.5.3 Hypothalamic  NPY mRNA expression 
The expression of hypothalamic NPY mRNA in hopping mice is 
presented in Fig. 2-12.  Hypothalamic NPY mRNA expression was 
significantly up-regulated at days 5, 10, 17 and 29 of water deprivation 
compared to both day 0 water-replete, and day 2 water-deprived hopping 
mice (p>0.05).  In addition, a positive correlation with ghrelin mRNA 
expression in the hypothalamus was observed (r=0.455, n= 24, p<0.05). 
 
0 2 5 1 0 1 7 2 9
0 .0 0
0 .0 5
0 .1 0
0 .1 5
D a y  o f w a te r  d e p riv a tio n
R
e
la
ti
v
e
 N
P
Y
m
R
N
A
 e
x
p
re
s
s
io
n
a
a
b
cb c
b c
 
Figure 2-12 Graphical representation of the relative expression of hypothalamic 
NPY mRNA in water-replete and water-deprived hopping mice.  Data are 
presented as mean ± SEM.  Similar letters amongst the groups indicate no 
significant difference. 
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2.3.5.4 Hypothalamic LepRb mRNA expression 
The expression of LepRb mRNA in the hypothalamus of hopping 
mice is presented in Fig. 2-13.  A gradual increase in hypothalamic LepRb 
mRNA was observed at day 5 and day 10 of water deprivation, but the 
relative gene expression of LepRb was not significantly different 
compared to water-replete hopping mice (p>0.05).  At day 17 and day 29 of 
water deprivation, LepRb mRNA expression significantly increased 
(p<0.05).  The expression of LepRb mRNA correlated with the up-
regulation of plasma leptin during water deprivation (r=0.356, n=25, 
p<0.05).  In addition, a correlation between the length of water deprivation 
and hypothalamic LepRb mRNA expression was observed (r2= 0.93). 
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Figure 2-13 Graphical representation of the relative expression of hypothalamic 
LepRb mRNA in water-replete and water-deprived hopping mice.  Data are 
presented as mean ± SEM.  Similar letters amongst the groups indicate no 
significant difference. 
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2.3.5.5 Hypothalamic POMC mRNA expression 
Hypothalamic POMC mRNA expression in hopping mice is 
presented in Fig. 2-14.  A variable mRNA expression pattern for 
hypothalamic POMC was observed during water deprivation, but there 
were no significant differences observed (p>0.05). 
 
 
 
 
0 5 1 0 1 7 2 9
0 .0
0 .1
0 .2
D a y  o f w a te r  d e p riv a tio n
R
e
la
ti
v
e
 P
O
M
C
 m
R
N
A
 e
x
p
re
s
s
io
n
 
Figure 2-14 Graphical representation of the relative expression of hypothalamic 
POMC mRNA in water-replete and water-deprived hopping mice.  Data are 
presented as mean ± SEM. 
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2.3.5.6 Hypothalamic CRH mRNA expression 
Hypothalamic CRH mRNA expression in hopping mice is 
presented in Fig. 2-15.  A variable mRNA expression pattern for 
hypothalamic CRH was observed during water deprivation, but there 
were no significant differences (p>0.05).  The expression of hypothalamic 
CRH mRNA expression showed a strong correlation with hypothalamic 
PPAR-mRNA expression (r=0.815, n=28, p<0.001). 
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Figure 2-15 Graphical representation of the relative expression of hypothalamic 
CRH mRNA in water-replete and water-deprived hopping mice.  Data are 
presented as mean ± SEM. 
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2.3.5.7 Hypothalamic MCH mRNA expression 
Hypothalamic MCH mRNA expression in hopping mice is 
presented in Fig. 2-16.  Water deprivation up-regulated the expression of 
hypothalamic MCH in water-deprived hopping mice, but the difference 
was not significant (p>0.05).  The expression of hypothalamic MCH mRNA 
had a strong positive correlation with the hypothalamic POMC mRNA 
expression (r=0.524, n=26, p<0.01). 
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Figure 2-16 Graphical representation of the relative expression of hypothalamic 
MCH mRNA in water-replete and water-deprived hopping mice.  Data are 
presented as mean ± SEM. 
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2.3.5.8 Hypothalamic PPAR- mRNA expression 
Hypothalamic PPAR-mRNA expression in hopping mouse is 
presented in Fig. 2-18.  A variable mRNA expression pattern for 
hypothalamic PPAR- was observed during water deprivation, but there 
were no significant differences (p>0.05).  The expression of hypothalamic 
PPAR- mRNA in hopping mice during water deprivation was correlated 
with the expression of hypothalamic CRH mRNA (r=0.815, n=28, p<0.001), 
PTP1B mRNA (r=0.805, n=28, p<0.001) and GHSR-1a mRNA (r=0.588, n=19, 
p<0.05). 
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Figure 2-17 Graphical representation of the relative expression of hypothalamic 
PPAR- mRNA in water-replete and water-deprived hopping mice.  Data are 
presented as mean ± SEM. 
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2.3.5.9 Hypothalamic of PTP1B mRNA expression 
The expression of PTP1B mRNA in the hypothalamus of hopping 
mice is presented in Fig. 2-19.  PTP1B mRNA expression was significantly 
decreased at day 5 and day 10 of water deprivation, compared to water-
replete animals (p<0.05).  At day 17 of water deprivation, the expression of 
the PTP1B mRNA was elevated and similar to that of water-replete 
hopping mice.  At day 29, the expression of hypothalamic PTP1B mRNA 
decreased to a level that was not significantly different, in comparison to 
water-replete mice and water-deprived mice at day 5, day 10, and day 17  
(p>0.05).  The expression of hypothalamic PTP1B mRNA in hopping mice 
during water deprivation was correlated with the expression of 
hypothalamic GHSR-1a (r=0.558, n=25, p<0.05) and PPAR- (r=0.805, n=25, 
p<0.001). 
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Figure 2-18 Graphical representation of the relative expression of hypothalamic 
PTP1B mRNA in water-replete and water-deprived hopping mice.  Data are 
presented as mean ± SEM.  Similar letters amongst the groups indicate no 
significant difference. 
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2.4 Discussion 
In this study, hopping mice that were subjected to a prolonged 
period (29 days) of water deprivation displayed a cyclical food intake 
pattern that began with a hypophagia, followed by a recovery in appetite, 
and then a sustained food intake.  This pattern of food intake was 
essentially identical to that reported for hopping mice in the experiments 
of Takei et al. (2012).  Furthermore, the sustained food intake in hopping 
mice during water deprivation was uncoupled from peripheral appetite-
regulating signals, as it was maintained in the face of increasing plasma 
leptin and decreasing plasma ghrelin levels, respectively.  As discussed in 
Chapter 1, such a peripheral hormone profile would normally be expected 
to inhibit appetite drive and consequently food intake, but food intake 
was sustained throughout the water deprivation experiment.  
Interestingly, both hypothalamic ghrelin and NPY mRNA expression were 
significantly up-regulated as water deprivation prolonged, suggesting that 
hypothalamic regulators may have overridden peripheral signals to 
sustain food intake. 
A voluntary hypophagia behaviour initiated by water deprivation 
has been reported in many laboratories and non-traditional animal models 
(Bekkevold et al. 2013).  A number of studies have shown that in 
laboratory mammals, water removal leads to the rapid onset of 
dehydration, as indicated by an increase in plasma osmolarity.  The 
increased plasma osmolarity is detected by osmotic control centres in the 
hypothalamus, in which there is signal integration with hypothalamic 
appetite control centres to facilitate a reduced food intake (Watts, Sanchez-
Watts & Kelly 1999; Watts 2001).  In addition, it is believed that oral 
dryness due to dehydration and reduced salivation contributes to sensory 
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inputs to the brain, which also drives appetite control centres to reduce 
food intake (Watts et al., 1999; Watts, 2001). 
Saliva of mammals is hypotonic in comparison to blood serum, and  
is mainly composed of water (99.5%), protein (0.3%), and inorganic and 
trace substances (0.2%) (van Nieuw Amerongen, Bolscher & Veerman 
2004).  Therefore, water removal will impact on the volume and 
composition of the saliva and its secretion.  Saliva is essential for eating 
and digesting food, and in assisting the movement of the food bolus into 
the oesophagus (de Loubens et al. 2011).  Therefore, a reduced food intake 
is a logical response to a compromised ability to process the food bolus in 
the mouth.  In hopping mice, the physiological drivers underpinning the 
initial hypophagia are not entirely clear.  For example, it is not known if a 
reduced salivation contributes to the hypophagia observed during the 
initial 24 to 48 hours of water deprivation.  Previous studies have shown 
that water-deprived hopping mice do not become dehydrated as indicated 
by plasma osmolarity and haematocrit measurements (Weaver et al., 1994; 
Heimeier and Donald, 2006).  However, these parameters have not been 
determined in the first 48 hours of water deprivation, and it is possible 
that the integrity of the extracellular fluid is regulated more tightly than 
the production of saliva during the initial phase of water deprivation. 
Following the hypophagia from day 1 until day 3 of water 
deprivation, hopping mice steadily increased their food consumption 
from day 4 until day 10 of water deprivation, such that food consumption 
at day 10 was similar to that of water-replete controls.  The recovering 
appetite is technically not a hyperphagia because it is similar to the food 
intake in water-replete animals.  It has been proposed that the increase in 
food intake is essential for the production of metabolic water, as there is 
very little preformed water in millet seed (Takei et al., 2012).  A sustained 
food intake provides sufficient nutrient substrate for oxidative water 
Part 1: Appetite regulation in hopping mice 
 
61 | P a g e  
 
production, which coupled with the reduced excretion of water, enables 
hopping mice to maintain fluid balance without drinking (Takei et al., 
2012).  In addition, an increased food consumption also precludes 
catabolism of tissues such as skeletal muscle for water production, which 
would lead to a loss of lean body mass.  Overall, the biphasic food intake 
pattern appears to be an important adaptation to the removal of free 
water. 
Water deprivation also had a significant effect on the body mass of 
the hopping mice.  The removal of drinking water was followed by an 
acute drop in body mass of around 9% of initial mass after one day of 
water deprivation, which is likely due to the loss of adipose tissue for 
metabolic water production (Takei et al., 2012).  Furthermore, hopping 
mice lost 20% of their initial body mass within the first week of water 
deprivation.  This pattern of body mass loss has also reported in water-
deprived mammals such as humans (Engell, 1988; Oliver et al., 2008), 
rodents (Laalaoui et al., 2011), goats (Alamer, 2006), and camels (Gavrielli 
et al., 1995).  In our work, we have always observed that water-replete 
hopping mice are lean and have a small amount of fat (intraperitoneal and 
subcutaneous) deposition that can be visually observed; this was also the 
case in the current study.  However, water-deprived hopping mice are 
always lean with no observable intraperitoneal and subcutaneous fat 
deposits; again, this was the case in the current study.  DEXA analysis 
showed that there was no statistical difference between body fat 
percentage of water-replete and water-deprived mice, which is in contrast 
to a previous short-term (12 day) water deprivation study where no 
measurable fat (from DEXA analysis) was found in water-deprived 
animals (Takei et al., 2012).  It is possible that the large variation in the 
DEXA readings precluded obtaining significant data between the water 
deprivation groups, as the animals were clearly lean and devoid of fat, 
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and the DEXA data showed a trend for fat loss in the carcass of the water-
deprived mice. 
During the water deprivation experiment, the animals were able to 
keep their body weight at 80% of the initial body mass without gaining 
adipose tissue.  In the earlier study of Takei et al. (2012), it was found that 
hopping mice start to accumulate glycogen in the liver as water 
deprivation was prolonged, and that this contributed to the stability of 
body mass in the latter phase of water deprivation. 
The concentration of plasma glucose was unchanged throughout the 
water deprivation experiment, despite the changes in food intake and 
body mass, which is consistent with the previous water deprivation study 
in the same species (Takei et al., 2012).  A similar observation was also 
reported in rats, which suggests that water-deprivation alone does not 
change the concentration of plasma glucose (Bavli and Gordon, 1971).  A 
stable plasma glucose concentration is an indicator of an invariable 
metabolic rate (Ferrannini et al., 2014; Umminger, 1977).  Furthermore, an 
unaffected plasma glucose level in combination with a stable food intake 
and body weight, indicate that the food consumed during water 
deprivation was metabolised at a constant rate and was not in excess.  This 
is also supported by the observation that that there was no deposition of 
adipose tissue (intraperitoneal and subcutaneous) in water-deprived 
hopping mice.  It is interesting that plasma glucose was unchanged as it is 
part of the peripheral nutrient-sensing system that regulates the levels of 
plasma ghrelin and leptin, respectively (Lee et al., 2015), which were 
found to vary considerably during water deprivation. 
An interesting finding of this study was that after an initial decline, 
plasma leptin increased as water deprivation was prolonged, despite a 
decrease in the adiposity of the animals.  A previous study in hopping 
mice found that during 12 days of water deprivation, plasma leptin 
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decreased to essentially zero by day 12, in line with an apparent loss of 
body fat as DEXA values fell to zero (Takei et al., 2012).  A direct 
correlation between a loss of body fat and a barely detectable plasma 
leptin level has been observed in the golden spiny mouse, Acomys russatus 
(Gutman et al., 2006).  In the longer term water deprivation experiment of 
the current study, plasma leptin decreased in the first phase of water 
deprivation, but not to the same extent as the previous 12 day water 
deprivation study (Takei et al., 2012), and then steadily increased as water 
deprivation was prolonged.  At day 29 of water deprivation, the plasma 
leptin level was significantly increased in comparison to the other water-
replete and water deprivation time points.  As discussed above, there was 
a loss of body fat such that by the end of the water deprivation period, 
plasma leptin concentration and the presence of adipose tissue were not 
correlated suggesting that there is an alternative source of leptin; this is 
examined in Chapter 3. 
In some free-living mammals, plasma leptin levels have been found 
to be correlated with adiposity, but there is evidence for other species that 
plasma leptin levels are uncoupled from the mass of white adipose tissue 
(see Kronfeld-Schor et al., 2000 and Schradin et al., 2014).  It has been 
proposed that the uncoupling between leptin and body fat permit animals 
to regulate metabolism, reproduction and feeding behaviour in the face of 
environments that change seasonally.  For example, it is adaptive for 
animals that hibernate or are confronted with seasonal food shortages and 
are accumulating fat, to down-regulate the satiety role of leptin, as a 
sustained food intake is essential for survival (Florant and Healy, 2012; 
Schradin et al., 2014).  Migrating birds such as dunlin, Calidris alpina 
(Gogga et al., 2013) and hibernating mammals such as the Daurian ground 
squirrel, Spermophilus dauricus (Xing et al., 2015), raccoon dog, 
Nyctereutes procyonoides (Nieminen et al., 2002), and Arctic fox, Vulpes 
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lagopus (Mustonen et al., 2005), displayed an uncoupling of the leptin-
adipose tissue correlation as the basal level of plasma leptin concentration 
remained low during accumulation of body fat.  Thus, there is a range of 
scenarios in which the role of leptin as a satiety signal conflicts with the 
resource or physiological needs of animals.  Schradin et al. (2014) 
formalised this as the “Ecological Leptin Hypothesis” that predicts that 
“leptin levels are dissociated from adipose tissue when fattening is an 
evolutionary advantage to survive prolonged periods of food 
availability”.  Our research on hopping mice provides evidence that 
osmoregulation could be another physiological scenario in which the role 
of leptin as a satiety signal is detrimental to surviving without free water, 
as substrate provision from food is essential for metabolic water 
production.  Furthermore, the expression of leptin in non-adipose tissues 
could be very important in animals with little or no adipose tissue as 
leptin has other important regulatory roles in mammals such as 
reproduction, cardiovascular regulation, and cellular function. 
Many studies have shown that ghrelin stimulates food intake as 
plasma ghrelin levels are increased during fasting and prior to meals 
(Mason et al., 2014), and that ghrelin is also important in the long-term 
maintenance of body weight (Ariyasu et al., 2014; Tschöp et al., 2000).  
However, some studies have provided evidence that elevated plasma 
ghrelin does not always stimulate food intake (Deighton et al., 2014, 
McFarlane et al., 2014).  In the current study, water deprivation caused an 
initial increase in gastric ghrelin mRNA expression possibly reflecting the 
initial hypophagia, but it then steadily decreased and stabilised as water 
deprivation was prolonged.  Plasma ghrelin was not affected at both day 2 
and day 5 of water deprivation, but it was significantly increased at day 
10, which may reflect the recovery in appetite following the initial 
hypophagia.  However, it is intriguing that plasma ghrelin was not 
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elevated at day 5 at which daily food intake was increasing incrementally.  
The plasma ghrelin profile in the first phase of water deprivation of this 
study is very similar to that previously reported in the 12 day water 
deprivation experiment with hopping mice, in which plasma ghrelin at 
days 3 and 7, respectively, was not significantly different from day 0, but it 
was significantly increased at day 12 of water deprivation (Takei et al., 
2012).  However, the current study showed that after day 10, plasma 
ghrelin returned to pre-water deprivation levels at days 17 and 29, 
respectively, despite a sustained food intake above that of water-replete 
animals.  Thus, plasma ghrelin levels do not appear to be correlated with 
the sustained food intake during water deprivation following the initial 
hypophagia. 
Both leptin and ghrelin regulate food intake by interaction with their 
specific receptors in the hypothalamus (Lin et al., 2014; Mason et al., 2014; 
Park and Ahima, 2015; Schneeberger et al., 2015).  An interesting finding 
of our study was that hypothalamic LepRb mRNA expression significantly 
increased at days 17 and 29 of water deprivation, which would suggest an 
up-regulation of leptin signalling in the hypothalamus.  However, food 
intake is sustained during water deprivation, which indicates that 
hypothalamic leptin signalling is not inhibiting appetite drive.  In 
addition, it is clear that hypothalamic NPY mRNA expression is 
significantly up-regulated during water deprivation, which is intriguing 
given that LepRb signalling normally inhibits NPY activity in laboratory 
rodents (Park and Ahima, 2015).  It was also found that the mRNA 
expression pattern of PTP1B was affected by water deprivation in a 
manner that correlated with the changes in plasma leptin.  In the early 
phase of water deprivation, both hypothalamic PTP1B mRNA expression 
and plasma leptin decreased, and then both increased as water 
deprivation was prolonged.  Interestingly, PTP1B is known to inhibit 
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leptin-mediated JAK2 signalling (Zabolotny et al., 2002).  Therefore, it is 
possible that an up-regulation of PTP1B mRNA expression in the 
hypothalamus of water-deprived hopping mice occurs in response to the 
increased plasma leptin, and PTP1B signalling is inhibiting the anorectic 
action of leptin. 
Like LepRb, GHSR-1a are extensively expressed on neurons in the 
hypothalamic nuclei that are involved in appetite regulation (Mason et al., 
2014), but there is conflicting evidence for the expression of ghrelin in the 
hypothalamus.  For example, there is no evidence for ghrelin expression in 
the hypothalamus of the mouse (Furness et al., 2011).  In hopping mice, 
hypothalamic ghrelin mRNA expression was very low in day 0 water-
replete mice, which is consistent with the laboratory mouse study, but it 
was substantially up-regulated in response to water deprivation.  
Interestingly, hypothalamic GHSR-1a mRNA expression was significantly 
down-regulated in response to water deprivation and remained at similar 
levels from day 5 to day 29, which is intriguing given ghrelin is known to 
activate the AgRP/NPY neurons to promote appetite drive (Mason et al., 
2014; Schneeberger et al., 2014).  Down-regulation of hypothalamic GHSR-
1a might be explained by the loss of white adipose tissue as hypothalamic 
GHSR-1a is linked to the regulation of adipocytes (Elmquist et al., 2013; 
Shuto et al., 2002).  In the current study, hypothalamic GHSR-1a mRNA 
expression was abruptly down-regulated at day 5 of water deprivation, 
which corresponds to a significant loss of body mass primarily due to the 
loss of white adipose tissue.  Furthermore, the down-regulation of 
hypothalamic GHSR-1a could be a signal to spare the hopping mice from 
producing adipocytes that consume water molecules in the process. 
In addition to NPY mRNA expression in the hypothalamus, the 
expression of orexigenic MCH mRNA was assessed during water 
deprivation.  There was a trend for an increase in MCH mRNA expression 
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as water deprivation was prolonged, but it was not statistically significant.  
This may have been due to a large variance in the MCH expression data at 
days 17 and 29 of water deprivation.  Previously, Takei et al. (2102) found 
that MCH mRNA expression in the hypothalamus significantly increased 
at days 7 and 12 in their short-term water deprivation experiment, which 
was in parallel with the increased food intake that was observed.  One 
possible reason for the discrepancy is that this study used real-time PCR to 
determine gene expression, whereas the study of Takei et al. (2012) used in 
situ hybridisation.  Interestingly, this study also found that the mRNA 
expression of the anorectic peptides, CRH and POMC, was not 
significantly affected during water deprivation, although again there was 
a trend for CRH mRNA expression to decrease as water deprivation was 
prolonged.  This result is also in contrast to the observations by Takei et al. 
(2012) who found that both CRH and POMC expression was down-
regulated in water-deprived hopping mice in line with increased appetite.  
The differences in the data between this study and that of Takei et al. 
(2012) cannot entirely be accounted for by methodological differences, as 
similar findings for the effect of water deprivation on plasma leptin and 
ghrelin, and hypothalamic NPY mRNA expression were found between 
the two separate studies. 
In summary, this study showed that during prolonged water 
deprivation, the sustained food intake in the face of increasing plasma 
leptin appears to be driven by a significant up-regulation of the mRNA 
expression of ghrelin and NPY in the hypothalamus.  In addition, the 
increase in plasma leptin in lean animals as water deprivation is 
prolonged suggests that a non-adipose source of leptin could facilitate 
leptin secretion.  This will be further investigated in Chapter 3. 
  
 
 
 
 
  
 Leptin expression in non-adipose tissues 3
of the Spinifex hopping mouse, 
Notomys alexis  
CHAPTER 3 
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3.1 Introduction 
As discussed in Chapters 2 and 3, leptin is an appetite suppressant 
peptide that inhibits feeding and promotes negative energy balance, and 
in mammals, it is predominantly expressed in white adipose tissue (Okita 
et al., 2015; Yang et al., 2015).  As such, leptin is often classified as an 
adipokine, and leptin secreted from adipose tissue is thought to be 
primarily responsible for maintaining the plasma leptin concentrations in 
mammals.  However, it is apparent that leptin is expressed in a wide 
range of non-adipose tissues such as ovary (Archanco et al., 2003), skeletal 
muscle (Sendlhofer et al., 2015; Wang et al., 1998; Wolsk et al., 2012), 
stomach (Cammisotto et al., 2007), heart (Purdham et al., 2004) and brain 
(Huang et al., 2014).  In these tissues, leptin is considered to function as a 
paracrine signalling molecule regulating cellular activity.  For example, in 
the heart of the rats, leptin is important in remodelling the heart following 
myocardial ischemia/reperfusion injury (Matsui et al., 2007; Matsui et al., 
2012).  In addition, the mechanism of leptin release from non-adipose 
tissue appears to be different from adipose tissue.  For example, Wolsk et 
al. (2012) showed that leptin secretion from skeletal muscle was supressed 
by adrenaline at a concentration that did not affect leptin secretion from 
adipose tissue. 
In Chapter 2, the plasma leptin concentrations in hopping mice were 
analysed during a 29 day water deprivation experiment.  It was found that 
the plasma leptin concentrations decreased in the early phase of water 
deprivation (days 2 and 5), but the leptin concentrations increased as 
water deprivation was prolonged (days 10, 17 and 29).  Interestingly, the 
increased plasma leptin concentrations were not associated with an 
accompanying increase in visceral adipose tissue, as at the end of the 
water deprivation period, adipose tissue within the body cavity was 
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visually absent and declining as shown by DEXA analysis.  Based on this 
observation, it was predicted that an alternative non-adipose source of 
leptin might contribute to the increased plasma leptin concentrations that 
were observed as water deprivation is prolonged. 
Accordingly, the aim of this chapter is to investigate an alternative 
source of leptin in hopping mice by examining leptin expression in non-
adipose tissues.  It was found that leptin mRNA was expressed in skeletal 
muscle and heart ventricular muscle, and that the expression was 
markedly affected by water deprivation.  Accordingly, further analysis 
was then performed to determine if the expression of leptin in skeletal 
muscle and heart may be due to fat deposition in the tissues during water 
deprivation.  This was performed by determining the mRNA expression 
of specific markers that included adiponectin (adipose tissue marker), 
PPAR-γ, and UCP3 in skeletal and ventricular muscle.  A number of 
studies have suggested that PPAR-γ is crucial for adipocyte 
differentiation, and therefore, it might be involved in fat deposition in 
skeletal and ventricular muscle (Chawla et al., 1994; Chinetti et al., 2000; 
Garin-Shkolnik et al., 2014; Wang et al., 2014).  Furthermore, the 
accumulation of lipids in skeletal muscle and heart could facilitate lipid-
induced oxidation, which can potentially affect the mitochondria.  It has 
been reported that UCP3 protects the mitochondria from oxidative stress 
(Parker et al., 2008) and therefore its expression could be correlated with 
adiposity in tissues. 
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3.2 Material and Methods 
3.2.1 Animal tissues and cell culture  
The housing conditions for hopping mice have been described 
previously in Chapter 2 Section 22.1.  Tissue samples were collected from 
two groups of hopping mice; water replete, non-experimental animals 
(WR-NE; n=8), and hopping mice that were part of the water deprivation 
study described previously (see Chapter 2 Section 2.2.1).  The use of 
animals was approved by the Deakin University Animal Ethics 
Committee. 
Brain, stomach, heart, liver, brown adipose tissue (BAT, 
interscapular fat), white adipose tissue (WAT, intraperitoneal fat), and 
ventricular muscle (Fig. 3-3) were collected from WR-NE animals for the 
determination of mRNA expression of various genes (n=2).  In addition, 
four skeletal muscles were sampled from 6 WR-NE animals as follows: 
vastus lateralis, biceps femoris, gastrocnemius muscle, and triceps muscle 
(see Figs. 3-1 and 3-2).  Skeletal muscle cell culture of L6 (n=2) and C2C12 
cells (n=2), was provided by Dr Sean McGee, School of Medicine, Deakin 
University. 
 To investigate the expression of leptin and other genes in non-
adipose tissue during water deprivation, only the vastus lateralis and 
ventricular muscles were used.  These samples were collected from 
hopping mice at each of the time points of the water deprivation 
experiment described in Chapter 2.  For the description of the data from 
the water deprivation experiment, the term skeletal muscle will be used 
throughout the chapter to describe the vastus lateralis muscle. 
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Figure 3-1 Medial view of the laboratory mouse forelimb muscle anatomy.  The 
muscle labelled 10 (triceps) was isolated from hopping mice.  Modified from 
(Komárek, 2004). 
 
Figure 3-2 Medial view of the laboratory mouse hindlimb muscle anatomy.  
Muscles labelled 5 (vastus lateralis), 6 (biceps femoris) and 10 (gastonemii) were 
isolated from hopping mice.  Modified from (Komárek, 2004). 
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Figure 3-3 Gross anatomy of the heart of the hopping mouse, modified from 
laboratory mouse anatomy (Komárek 2004).  The red line indicates the location of 
the incision made to collect cardiac muscle for genetic analysis. 
 
3.2.2 Protein analysis 
3.2.2.1 Isolation of protein 
Approximately 20 mg of tissue was added to a 1.5 mL centrifuge 
tube filled with one-tenth of 1.0 mm silica beads (Biospec Products, Inc), 
and 1 mL of Radio-Immunoprecipitation Assay (RIPA; Sigma) buffer 
containing 100 µL of protease inhibitor (Sigma).  The tissue was 
mechanically disrupted using a high-speed benchtop homogeniser 
(FastPrep-24, MP Biomedical) at 6.5 M.sec-1 for 60 sec.  The homogenates 
were placed on ice for 15 min to settle, and were then transferred into new 
1.5 mL microcentrifuge tubes.  The suspension was centrifuged for 15 min 
at 10,000 rpm at 4 °C using a Beckman Allegra 21R Centrifuge to separate 
the lipid and debris components.  The middle aqueous phase was 
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transferred into a new tube, and was stored at -20 °C until further analysis.  
The protein concentration was determined using a BCA Protein Assay Kit 
(Thermo Scientific Pierce) as described by the manufacturer’s protocol.  
The amount of protein was determined using spectrophotometry at 
540 nm. 
 
3.2.2.2 Leptin ELISA 
The concentration of leptin peptide in skeletal muscle was 
measured using the Mouse Leptin Development Kit (PromoKine), and the 
ELISA was performed according to the protocol described in Chapter 2 
(Section 2.2.2). 
 
3.2.3 Molecular biology 
The molecular biology techniques were performed using the 
protocols described in Chapter 2 Section 2.2.3.  In this chapter, the 
expression of UCP3 and adiponectin were examined, in addition to the 
expression of leptin and PPAR- mRNA.  For the amplification of UCP3 
and adiponectin mRNA from hopping mice, the priming oligonucleotides 
were designed based on the available gene sequence of mouse, which are 
shown in Table 3-1.  Standard procedures for reverse transcription PCR, 
gel electrophoresis and DNA sequencing were performed as described in 
Section 2.2.3.1 - 2.2.3.7.  Thermal cycling condition is shown in Table 3-2.  
Real-time PCR was performed as described in Section 2.2.3.8 - 2.2.3.9. 
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Table 3-1 Priming oligonucleotides for reverse transcription PCR amplification 
and real-time PCR. 
Gene 
Accession 
Number 
 Sequence (5'- 3')  
Reverse transcription PCR  
Product 
size (bp) 
Leptin NM_008493.3 F TGCAAGAAGAAGAAGATCCCAG 556 
 
M. musculus R GAGCCTGGTGGCCTTTGAAAC  
Leptin GQ405533.1 F TGCAAGAAGAAGAAGATCCCAG 448 
 
N. alexis R GTAGAGTGAGGCTTCCAGGACG  
Adiponectin NM_009605 F CCACCCAAGGGAACTTGTGCA 373 
 
M. musculus R GGAATGTTGCAGTAGAATTTGC  
PPAR- NM_001127330 F CAGTTGATTTCTCCAGCATTTC 565 
 
M. musculus R CGGGAAGGACTTTATGTATGAG  
UCP3 NM_009464 F ATGATACGCCTGGGAACTGG 490 
 
M. Musculus R GAGATTCCCGCAGTACCTGG  
     Real-time PCR  
Leptin GQ405533.1 F AGCCAATGACCTGGAGAACCT 62 
 
N. alexis R AGGGAGCAGCTCTTGGAGAAG  
Adiponectin KU170057.1 F GGCCACCCAAGGGAACTT 65 
 
N. alexis R CCATTGTGGCCAGGATGTC  
PPAR- KX265239.1 F GAGAAGCTGTTGGCGGAGAT 69 
 
N. alexis R GGCTCGCAGATCAGCAGACT  
UCP3 KX265240.1 F GCCAGGGAGGAAGGAGTCA 68 
   N. alexis R GACAATGGCATTTCTTGTGATGTT  
 
Table 3-2 Thermal condition for reverse transcription PCR. 
Gene Denaturation Annealing  Extension Cycles 
Leptin 94  °C 45 sec 62  °C 30 sec 72  °C 45 sec 30 
Adiponectin 94  °C 45 sec 58  °C 30 sec 72  °C 45 sec 36 
PPAR- 94  °C 45 sec 60  °C 30 sec 72  °C 45 sec 36 
UCP3 94  °C 45 sec 58  °C 30  sec 72  °C 45 sec 36 
GAPDH 94  °C 40 sec 58  °C 30  sec 72  °C 40 sec 26 
      
 
3.2.4 Statistical analysis 
Statistical analysis was performed using IBM SPSS version 22.  Raw 
data were subjected to Box-plot analysis and Levene’s test to identify 
outliers, and to analyse the assumption of homoscedasticity of the 
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variance, respectively.  A one-way ANOVA was performed to analyse the 
difference among variances.  Duncan post analysis was performed if the 
data set showed a significant difference.  Data that failed Levene’s test 
were subjected to non-parametric test, the Kruskal-Wallis-independent t-
test.  p value was set at 0.05. 
Table 3-3 A summary of ANOVA and post-hoc test performed on data analysis. 
 
  Data Analysis of variance  Post-Hoc  
Leptin  mRNA Welch and Kruskal-Wallis  
Leptin peptide One-way ANOVA  
Adiponectin One-way ANOVA Duncan 
UCP3 One-way ANOVA  
PPAR- One-way ANOVA Duncan 
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3.3 Results 
3.3.1 Leptin biology 
Tissue mRNA expression pattern of leptin and adiponectin 
The mRNA expression pattern of leptin and adiponectin in WAT, 
brain, skeletal muscle, heart, stomach, BAT and liver in WR-NE animals is 
presented in Fig. 3-4.  The presence of leptin mRNA expression was 
observed in WAT, heart and skeletal muscle, but leptin mRNA expression 
was not observed in the stomach, BAT and liver.  In contrast, adiponectin 
mRNA was expressed in all tissues.  White adipose tissue and BAT had a 
higher expression of adiponectin mRNA, with a lower and more variable 
expression being observed in brain, skeletal muscle, heart, stomach and 
liver. 
 
 
Figure 3-4 Leptin and adiponectin mRNA expression in WAT, brain (Br), skeletal 
muscle (SkM), heart (Hrt), stomach (Stmc), BAT, and liver (Liv). 
 
Leptin and UCP3 mRNA expression in myotubes and myoblasts of a L6 and 
C2C12 cell line 
Leptin and UCP3 mRNA expression in myotubes and myoblasts 
from L6 and C2C12 cell cultures is presented in Fig. 3-5.  No leptin 
expression was observed in either of the cell cultures.  In contrast, UCP3 
mRNA expression was observed in the L6 cells, and it was highly 
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expressed in the C2C12 cells.  The expression of GAPDH mRNA was 
consistently found in each of the cultured samples. 
 
 
Figure 3-5 Leptin and UCP3 mRNA expression in myotubes and myoblast cell 
cultures of L6 and C2C12 cell lines.  GAPDH was amplified as a HKG. 
 
Leptin, Adiponectin, and UPC3 mRNA expression in gastrocnemius, vastus 
lateralis, biceps femoris and triceps of hopping mice 
The expression of adiponectin, UPC3 and leptin mRNA in biceps 
femoris, gastrocnemius, vastus lateralis and triceps muscle is presented in 
Fig. 3-7.  Adiponectin, UCP3 and leptin mRNA expression were observed 
in gastrocnemius, vastus lateralis, biceps femoris and triceps of hopping 
mice.  An inconsistent adiponectin mRNA expression was observed in the 
gastrocnemius muscle.  However, in vastus lateralis, biceps femoris and 
triceps, the mRNA expression of adiponectin, UCP3 and leptin mRNA 
was consistent between samples.  A stable expression of GAPDH mRNA 
was observed in all samples. 
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Figure 3-6 Adiponectin, UCP3 and leptin mRNA expression in gastrocnemius, 
vastus lateralis, biceps femoris and triceps muscles of hopping mice.  GAPDH was 
amplified as a HKG. 
 
3.3.2 Water deprivation experiment 
 
Leptin mRNA expression in skeletal muscle and ventricular muscle of water-
deprived hopping mice 
 
The expression of leptin mRNA in the skeletal muscle and 
ventricular muscle of hopping mice is presented in Fig. 3-8A and Fig. 3-8B, 
respectively.  A significant decrease in skeletal muscle leptin mRNA 
expression was observed at days 2 and 5 of water deprivation (Fig. 3-8A, 
p<0.05).  From day 10 to day 29 of water deprivation, a gradual increase in 
skeletal muscle leptin mRNA expression was observed.  At day 29, the 
level of skeletal muscle leptin mRNA expression was significantly higher 
(p<0.05) than leptin mRNA expression at day 2, and was similar to leptin 
mRNA in skeletal muscle of water-replete hopping mice. 
A variable pattern of leptin mRNA expression response was 
observed in the ventricular muscle of water-deprived hopping mice (Fig. 
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3-8B).  At day 2 of water deprivation, the expression of leptin mRNA was 
higher compared to that of water-replete hopping mice, but the difference 
was not significant (p>0.05).  The mRNA expression of ventricular muscle 
leptin was significantly up-regulated at day 5 of water deprivation 
(p<0.05).  At day 10 and 17, a significant decrease in ventricular muscle 
leptin mRNA expression was observed (p<0.05).  However, at day 29 of 
water deprivation, leptin mRNA expression had significantly increased 
again compared to days 0, 2, 10 and 17 (p<0.05). 
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Figure 3-7 Relative leptin mRNA expression in water-replete and water-deprived 
hopping mice.  (A) Skeletal muscle (B) Ventricular muscle.  Data are presented as 
mean ± SEM.  Letters shared amongst groups indicates no significant difference. 
A 
B 
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The concentration of leptin peptide in skeletal muscle of water-deprived hopping 
mice 
The concentration of the leptin peptide in skeletal muscle of water-
replete and water deprived hopping mice is presented in Fig. 3-12.  There 
was no significant difference in the leptin peptide concentration in skeletal 
muscle from water-deprived hopping mice, compared to that of the water-
replete group (p=0.05). 
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Figure 3-8 The concentration of leptin peptide (ng) per mg of protein in the 
skeletal muscle of water-replete and water-deprived hopping mice.  Data are 
presented in mean ± SEM. 
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Adiponectin mRNA expression in skeletal and ventricular muscle 
The expression of adiponectin mRNA in the skeletal muscle and 
ventricular muscle of hopping mice is presented in Fig. 3-9A and Fig. 3-9B, 
respectively.  No significant changes in the expression of adiponectin 
mRNA was observed in the skeletal muscle of hopping mice during water 
deprivation (Fig. 3-9A, p>0.05).  However, adiponectin mRNA expression 
in skeletal muscle showed a strong correlation with skeletal muscle PPAR-
mRNA expression r=0.599, n=29, p<0.05).  The expression of ventricular 
muscle adiponectin mRNA was significantly changed during water 
deprivation study (Fig. 3-9B, p<0.05).  At day 10 and 17 of water 
deprivation, the ventricular adiponectin mRNA expression significantly 
decreased (p<0.05).  However, at day 29 of water deprivation, the 
expression of adiponectin mRNA in ventricular muscle was significantly 
elevated, and the level was not significantly different to that of water-
replete hopping mice. 
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Figure 3-9 Relative adiponectin mRNA expression in water-replete and water-
deprived hopping mice.  (A) Skeletal muscle (B) Ventricular muscle.  Data are 
presented as mean ± SEM.  Letters shared amongst groups indicate no significant 
difference. 
 
 
 
 
A 
B 
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PPAR-mRNA expression in skeletal and ventricular muscle 
The expression of PPAR- mRNA in the skeletal muscle and 
ventricular muscle of hopping mice is presented in Fig. 3-10A and Fig. 3-
10B, respectively.  The mRNA expression of PPAR- in skeletal muscle of 
hopping mice was significantly affected by water deprivation (Fig. 3-10A, 
p<0.05).  At day 2 of water deprivation, the expression of skeletal muscle 
PPAR-mRNA was similar to that of water-replete animals at day 0.  The 
skeletal muscle PPAR- mRNA expression was up-regulated from day 5 
until day 29 of water deprivation, and this was significantly higher than 
day 0 and day 2 of water deprivation (p<0.05).  In addition, the expression 
of PPAR- mRNA in the skeletal muscle was found to have a positive 
correlation to the expression of adiponectin mRNA expression in skeletal 
muscle (r=0.599, n=29, p<0.05) and hypothalamic GHSR-1a (r=-0.436, n=25, 
p<0.05). 
The expression of PPAR- mRNA in ventricular muscle was 
unchanged during the water deprivation experiment (Fig. 3-10B, p>0.05). 
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Figure 3-10 Relative PPARmRNA expression in water-replete and water-
deprived hopping mice (A) Skeletal muscle (B) Ventricular muscle.  Data are 
presented as mean ± SEM.  Letters shared in common amongst groups indicate 
no significant difference. 
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Uncoupling protein 3 mRNA expression in skeletal and ventricular muscle 
The mRNA expression of UCP3 in skeletal and ventricular muscle 
is presented in Fig. 3-11A and Fig. 3-11B, respectively.  The expression of 
UCP3 mRNA in the skeletal muscle and ventricular muscle was not 
significantly different during the water deprivation experiment (p>0.05). 
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Figure 3-11 Relative UCP3 mRNA expression in water-replete and water-
deprived hopping mice (A) Skeletal muscle (B) Ventricular muscle.  Data are 
presented as mean ± SEM.  
Part 1: Leptin expression in non-adipose tissue of hopping mice 
89 | P a g e  
 
3.4 Discussion 
3.4.1 Leptin expression in non-adipose tissues 
As discussed above, the data from Chapter 2 showed that the plasma 
leptin concentrations in hopping mice increased during prolonged water 
deprivation, despite a loss of fat in the visceral cavity such that hopping 
mice from the later water deprivation time points appeared to be very 
lean.  This was an interesting observation as leptin is considered to be 
primarily an adipokine, and that leptin released from adipose tissue is the 
primary contributor to the circulating leptin concentrations that regulate 
the hypothalamic appetite control centres ghrelin (Dhillon and Belsham, 
2011; Kohno and Yada, 2012).  It was, therefore, postulated that an 
alternative non-adipose source of leptin might contribute to the increased 
plasma leptin concentrations observed in hopping mice during water 
deprivation; this was investigated in the current chapter. 
In WR-NE hopping mice, leptin mRNA expression was found in 
WAT, four different types of skeletal muscles, and ventricular heart 
muscle, but no expression was observed in BAT, brain, stomach and liver.  
A number of previous studies have shown the presence of leptin mRNA 
and/or peptide in non-adipose tissues including the heart (Purdham et al. 
2004), skeletal muscle (Wang et al. 1998; Wolsk et al., 2012), mammary 
gland (Bartha et al. 2005), stomach (Bado et al. 1998; Cammisotto et al. 
2007) and reproductive organs (Archanco et al., 2003). 
Skeletal muscle is constructed of muscle fibres and intermuscular fat 
that contains adipocytes, the latter being located underneath the fascia of 
the muscle (Addison et al., 2014).  A preliminary analysis of hopping 
mouse skeletal muscle using Oil O staining showed fat deposits between 
the muscle bundles of the gastrocnemius muscle.  Therefore, the finding 
that skeletal muscle expresses leptin poses the question as to whether 
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leptin is expressed in the actual myocytes or the expression is due to the 
presence of intramuscular adipocytes.  Two previous studies have 
provided evidence for leptin expression in skeletal muscle cells as follows.  
In biopsied samples of human skeletal muscle that are largely devoid of 
adipocytes, western blotting showed that the leptin peptide was present in 
the samples, supporting the expression of leptin in myocytes (Wolsk et al., 
2012).  Furthermore, the authors performed a series of in vivo experiments 
on human subjects, which showed that the source of leptin released into 
venous blood returning from the leg was a combination of leptin derived 
from adipose tissue and skeletal muscle, respectively (Wolsk et al., 2012).  
Earlier experiments in rats found that baseline levels of leptin in skeletal 
muscle were negligible, but leptin mRNA expression and the presence of 
leptin peptide were markedly up-regulated when the muscle cells were 
exposed to glucosamine (Wang et al., 1998).  Wang et al. (1998) also 
considered that the source of leptin could be adipocytes scattered in the 
skeletal muscle and used the expression of adiponectin mRNA as marker 
of adipocytes.  They found that adiponectin was not expressed in skeletal 
muscle and, in combination with immunohistochemical localisation of 
leptin in muscle cells, concluded that skeletal muscle cells express leptin 
(Wang et al., 1998). 
The expression of leptin in skeletal muscles or adipocytes was 
considered in hopping mice, as leptin mRNA expression was found to be 
broadly expressed in four different types of skeletal muscle.  Leptin 
immunohistochemistry was attempted but there were technical issues that 
precluded the method from working successfully.  However, an ELISA 
showed leptin peptide in the vastus lateralis muscle of hopping mice at 
levels that were higher than those found in the glucosamine-stimulated 
skeletal muscle of rats (Wang et a., 1998).  In the hopping mouse muscle 
samples used for the ELISA it is likely that the contribution of adipocyte 
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protein is minimal.  In addition, an analysis of the expression of 
adiponectin mRNA was undertaken, but adiponectin mRNA expression 
was found in all tissues that were examined, casting doubt on its use as a 
specific adipose marker.  Interestingly, recent evidence that emerged 
during this study has shown that although adiponectin is strongly 
expressed in adipocytes, it is in fact not a specific adipose tissue marker 
(Krause et al., 2008).  Therefore, it is likely that the leptin mRNA 
expression in skeletal muscle of hopping mice is due to its expression in 
myocytes, but a contribution from intramuscular adipocytes cannot be 
excluded. 
An interesting observation on the expression of leptin in skeletal 
muscle cells is that it is clear that cultured skeletal muscle cells do not 
appear to express leptin.  Wang et al. (1998) found that unstimulated L6 
cultured myocytes had negligible leptin expression, but it was 
significantly upregulated by glucosamine.  This observation was 
confirmed in the current study as no expression of leptin mRNA was 
observed in unstimulated C2C12 myotubule and L6 myoblast cells, in 
which UCP3 mRNA expression was clearly demonstrated.  Therefore, 
leptin expression in skeletal muscle cells appears to require positive 
signals to up-regulate it. 
In addition to skeletal muscle, leptin mRNA is clearly expressed in 
the cardiac muscle of hopping mice.  The ventricular muscle was taken 
from the apex of the heart and is free of fat, and Oil O staining showed 
essentially no positive staining.  In the rat heart, leptin expression has been 
shown in isolated cardiomyocytes (Purdham et al., 2004) that were free of 
any adipocytes, which strongly supports leptin expression in the actual 
cardiac muscle cells.  Interestingly, adiponectin mRNA was expressed in 
hopping mouse ventricular muscle, which provides further evidence that 
it is not a specific adipocyte marker.  Based on this result, it is proposed 
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that leptin acts in a paracrine and autocrine manner to regulate cardiac 
function (Barouch et al. 2003; Purdham et al., 2004). 
In this study, the pattern of leptin mRNA expression in skeletal 
muscle of water-deprived hopping mice showed a similar profile to that of 
the plasma leptin concentration, as described in Chapter 2 (Fig. 2-7).  After 
an initial down-regulation in the early phase of water deprivation, skeletal 
muscle leptin mRNA expression returned to similar levels as water-replete 
mice by day 29.  Interestingly, the leptin peptide levels in skeletal muscle 
were unchanged during water deprivation, which indicates that there was 
not a strong correlation between leptin mRNA expression and leptin 
protein levels.  The adiponectin mRNA expression in skeletal muscle was 
not significantly affected by water deprivation, which would possibly 
indicate that intramuscular fat levels were stable in the muscle, if indeed 
adiponectin is a marker for adipocytes.  If this is the case, it would seem 
unlikely that the variable leptin mRNA expression in skeletal muscle 
during water deprivation was due to adipocytes. 
 The mRNA expression of PPAR-γ in hopping mouse skeletal 
muscle showed a significant increase at day 5 of water deprivation, and 
remained significantly elevated at each subsequent water deprivation time 
point.  PPAR-γ is involved in vivo adipogenesis (Cristancho and Lazar, 
2011), and a recent study in mouse showed that skeletal muscle PPAR-γ 
increases fatty acid uptake and esterification, and subsequently stimulates 
myocellular storage of adipocytes (Hu et al., 2012).  It is also possible that 
a significant increase of PPAR-γ mRNA expression in the skeletal muscle 
of water-deprived hopping mice was an obligatory up-regulation to 
counteract the elevated skeletal muscle leptin mRNA expression.  Leptin is 
known to promote body fat loss, and in prolonged water-deprived 
hopping mice, leptin may also be involved in fatty acid oxidation to 
generate metabolic water.  The function of leptin in promoting body fat 
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loss in lean mammals has been demonstrated in humans, in which leptin 
treatment promoted body fat loss in lean, hypoleptin subjects without 
causing a loss of muscle mass (Brinkoetter et al., 2011).  Therefore, an up-
regulated skeletal PPARmRNA expression in water-deprived hopping 
mice could be a mechanism to defend the levels of skeletal muscle 
adipocytes in order to avoid a complete loss of body fat, which could be 
detrimental for long-term survival.  Furthermore, an unaltered UCP3 
mRNA expression in the skeletal muscle of hopping mice during water 
deprivation might suggest that fatty acid oxidation in skeletal muscle of 
water-deprived hopping mice was maintained at a stable level.  Hence, the 
up-regulation of skeletal PPARmRNA levels could be an effective 
mechanism to provide a sustained adiposity signal to maintain basal 
skeletal muscle fat levels during water deprivation. 
In the ventricular muscle of water-deprived hopping mice, the 
mRNA expression pattern of leptin, adiponectin, UCP3, and PPAR- was 
distinctly different to that of skeletal muscle, which probably reflects the 
distinct physiological and biochemical properties of each type of muscle.  
Although, the ventricular muscle leptin mRNA levels varied during water 
deprivation, they were significantly elevated at day 29 of water 
deprivation compared to water replete mice.  It is possible that the heart 
secretes leptin into the circulation, but this has not been previously 
reported.  Furthermore, adiponectin mRNA expression was significantly 
down-regulated at day 10 and 17 of water deprivation, but it is very 
unlikely that this is due to fluctuations in adipocytes.  A number of studies 
have shown that adiponectin exerts protective actions on cardiovascular 
cell types, including vascular endothelial cells (Chang et al., 2010), smooth 
muscle cells (Ding et al., 2011), and cardiac myocytes (Goldstein et al., 
2009).  It is possible that the changes in adiponectin expression observed in 
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water-deprived hopping mice relate to a possible effect of water 
deprivation on cardiac function; this is currently not known. 
 
3.4.2 Physiology of non-adipose leptin 
This chapter has shown that leptin is expressed in skeletal muscle 
and ventricular muscle of hopping mice, and that the leptin mRNA 
expression was significantly higher at the end of a water deprivation 
period, when the mice are very lean.  Therefore, it is possible that skeletal 
muscle and heart could secrete leptin into the circulation during water 
deprivation.  It is now well-understood that skeletal muscle is an 
influential producer of humoral signals for energy homeostasis (Zurlo et 
al., 1990; Ricquier and Bouillaud, 2000).  Furthermore, an in vivo study in 
humans found that skeletal muscle makes a substantial contribution to 
whole body leptin production (Wolsk et al., 2012).  Thus, it is possible that 
a similar mechanism exists for skeletal muscle in lean hopping mice. 
The expression of leptin in non-adipose tissues could be very 
important in animals that are confronted by limited food resources that 
lead to little if any stored adipose tissue, and as a consequence, a 
compromised leptin production.  In addition to appetite regulation and 
energy balance, leptin has other important regulatory roles in mammals 
such as reproduction, cardiovascular regulation, and cellular function.  For 
example, maternal leptin is the predominant source of circulating leptin 
that influences foetal growth (Walsh et al., 2014), foetal angiogenesis 
(Kurtovic et al., 2015), and the secretion of follicle stimulating hormone 
(Gentry et al., 2013; Gregoraszczuk and Rak, 2015).  In the cardiovascular 
system, leptin is involved in regulating blood pressure through 
interactions with the sympathetic nervous system (Huertas et al., 2012; do 
Carmo et al., 2011), and plays role in cardiac function through regulation 
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of cardiomyocyte metabolism (Marques et al., 2015, Sharma et al., 2015, 
Hou and Luo, 2011; Hall et al., 2014).  In addition, leptin signalling is 
involved in the regulation of fundamental cellular activities such as cell 
proliferation, differentiation, cell migration and apoptosis (Wen et al., 
2015; Xiong et al., 2014; Chen et al., 2011; Pérez-Pérez et al., 2008).  
Recently, leptin was found to be important in regulating adaptive changes 
in energy intake that are required for thermoregulation in different 
ambient temperatures (Kaiyala et al., 2015).  Therefore, non-adipose 
sources of leptin such as skeletal muscle or heart could be essential in lean, 
free-living animals with little or no adipose tissue. 
 
3.5 Perspective on Chapters 2 and 3 
Spinifex hopping mice provide an interesting native rodent model 
for future studies on the regulation of energy balance in free-ranging 
animals.  For example, the water deprivation method drives changes in 
food intake and the expression of the appetite control system, whereby the 
hopping mice reach a new set point with a lower body mass, despite an 
increased food intake relative to body mass.  Interestingly, this is achieved 
whilst not accumulating white adipose tissue, which raises interesting 
questions on energy utilisation during water deprivation.  Furthermore, 
research on desert species such as hopping mice might reveal novel 
mechanisms on the integration of water and energy balance by the 
hypothalamus, which could be critical for survival in arid environments. 
  
 
 
 
  
4 Fatty acids and appetite regulation in fish 
PART 2: INTRODUCTION 
CHAPTER 4  
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4.1 Fatty acids 
Fatty acids are simple lipids that have diversified forms and 
structurally consist of a non-polar aliphatic tail, ranging from 4 to 36 
carbons (C4 to C36) long (Cox, 2013).  The chain terminates with a carboxylic 
acid, which is often derived from phospholipids or triglycerides (Cox, 
2013).  The number of double bonds between the carbons in the fatty acyl 
chain determines the saturation of the fatty acid, with fatty acids being 
classified according to the type of covalent bond between the carbon atoms 
in the molecule (Cox, 2013).  For example, saturated fatty acids (SFA) 
consist of a single covalent bond between the carbons in the aliphatic tail, 
while unsaturated fatty acids, such as monounsaturated fatty acids 
(MUFA) and polyunsaturated fatty acids (PUFA), contain at least a double 
bond within the fatty acyl chain (Cox, 2013; Dubois et al., 2007).  MUFA 
have one double bond while PUFA are comprised of two or more double 
bonds in the chain (Cox, 2013).  The omega series of fatty acids are based 
on the nearest double bond to the methyl group (Fig. 4-1, Cox, 2013).  The 
omega 3 (n-3) fatty acid series is derived from -linolenic acid (ALA), and 
the omega 6 (n-6) series is derived from cis- linoleic acid (cis-LA; Fig. 4-1).  
Long-chain fatty acids are comprised of 13- to 20-carbon chain lengths. 
Many studies have shown that fatty acids serve as key elements in 
cell membranes.  In addition, fatty acids have many other functions such as 
enzyme co-factors, electron carriers, and protein ‘chaperones’ for 
membrane protein folding, and are essential for sustaining physiological 
homeostasis (Vossen et al., 1991).  Decades of research into the benefits of 
fatty acids have shown that long chain polyunsaturated fatty acids (LC-
PUFA), such as arachidonic acid (ARA, 20:4 n-6), eicosapentaenoic acid 
(EPA, 20:5 n-3), and docosahexaenoic acid (DHA, 22:6 n-3) have significant 
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effects on overall human health.  These include the pre- and post-birth 
development of critical functions such as the visual system, growth, and 
immunity (Clandinin and Larsen, 2010; Uauy et al., 1992; Uauy and 
Dangour, 2006), and assist in supplementary calcium absorption (Haag et 
al. 2003; Laraichi et al. 2013), improving neutrophil function in cancer 
patients during chemotherapy (Bonatto et al., 2012), and reducing the risk 
of individuals being overweight (Moore et al., 2006; Wielinga et al., 2012). 
 
 
 
Figure 4-1 Molecular structure of PUFA.  -linolenic acid, 18:3n-3 has 18 carbons 
and 3 unsaturated sites in which the nearest double bond to the methyl group is 
positioned at the third carbon.  Linoleic acid, 18:2n-6 has 18 carbons and 2 
unsaturated sites in which the nearest double bond to the methyl group is at 
carbon number 6.  Modified from Cox, 2013. 
 
4.2 Dietary lipid in current aquaculture feed 
Lipid is an essential component of aquaculture feed (aquafeed), 
which is preferentially utilised for energy production in fish compared to 
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carbohydrates and proteins (Rodríguez et al., 2004; Turchini et al., 2009).  A 
growing demand for farmed fish has fuelled a large growth in the 
aquaculture industry that has consequently increased the demand for fish 
oil for inclusion in formulated aquafeed.  A sufficient supply of fish oil for 
the production of aquafeed is unlikely to be fulfilled by declines in global 
fisheries, which is the primary source of fish oil (ABARES 2012, 2013; 
STECF 2014).  Over the last few decades, significant interest has developed 
in using plant oils as a substitute to wild-caught fish oil, due to the high-
cost and sustainability issues concerning fish oil (De Silva et al., 2011; 
Faukner et al., 2013; Gibbs et al., 2015; Suja et al., 2012).  However, plant-
derived oils have a different fatty acid profile compared to fish oil, and 
plant oils do not contain essential dietary LC-PUFA, such as EPA and 
DHA, which are present in high concentrations in the natural food chain 
and fish oil-supplemented aquafeed (Faukner et al., 2013; Francis et al., 
2014; Vestergren et al., 2013).  On the other hand, plant oils are rich in 18 
carbon chain (C18) fatty acids such as LA (18:2n-6) and ALA (18:3n-3; Popa 
et al., 2012; Škorić et al., 2008). 
4.3 Lipid source and fatty acid profile 
Like mammals, some studies have shown that fish require LC-PUFA 
for numerous physiological functions such as growth performance, as 
demonstrated in juvenile cobia, Rachyncentron canadum, smolt Atlantic 
salmon, Salmo salar, and Japanese seabass, Lateolabrax japonicus 
(Codabaccus et al., 2012; Trushenski et al., 2012).  In aquaculture, the 
growth rate of fish is assessed by the muscle mass gained, with the 
“quality” of muscle determined by the protein and fatty acid profile of the 
fillet.  In general, the fatty acid profile of the fillet reflects the dietary fatty 
acid intake in the aquafeed (Nanton et al., 2007; Rodríguez et al., 2004; 
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Terova et al., 2008; Thanuthong et al., 2011b).  Some studies have shown 
that wild-caught carnivorous fish and cultured fish fed high levels of fish 
oil in their diets, have significantly high levels of LC-PUFA in the fillets 
(Piedecausa et al., 2007; Popa et al., 2012; Regost et al., 2003).  The converse 
was observed in fish fed with diets that were low in LC-PUFA (Francis et 
al., 2014; Vestergren et al., 2013). 
As described above, the aquaculture and aquafeed industries are 
dependent on the need for high levels of lipid in feeds, especially those 
that contain high levels of LC-PUFA such as fish oil.  Fish oils derived from 
wild marine fishes such as anchovies, menhaden, and cod contain high 
levels of LC-PUFA such as EPA and DHA (Deng et al., 2014; Turchini et al., 
2009), thus making them an excellent lipid source for aquafeed (Copeman 
et al., 2002; Furuita et al., 1998; Kjær et al., 2008).  Fish oil is the main 
dietary lipid source in aquafeed used in the aquaculture of salmonid fishes, 
such as Atlantic salmon and rainbow trout, Oncorhynchus mykiss.  Recently, 
plant oil has been substituted for fish oil in many aquafeeds used broadly 
in aquaculture of most fishes, primarily because of the stagnant supply of 
wild-caught fish and an increase in market fish oil prices (ABARES 2012, 
2013; Turchini et al., 2009).  Unlike fish oil, plant oils have a significant 
level of 18 carbon fatty acids, such as LA and ALA (Turchini et al., 2009), 
but plant oils are not as biologically efficient as fish oil due to the absence 
of LC-PUFA such as ARA and EPA.  However, LA and ALA are substrates 
in the production of both ARA and EPA, respectively (Pereira et al., 2003).  
Conversely, fish cannot synthesise PUFA (C18) from oleic acid (Hashimoto 
et al., 2006), but can convert PUFA to LC-PUFA (Brenna et al., 2009). 
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Figure 4-2 A simplified pathway for fatty acid biosynthesis of C20 and C22 from C18 
PUFA, modified from Castro et al. (2012).  ∆6, ∆5, and ∆4 represent the 
microsomal fatty acyl desaturase activity, and elongase denotes the microsomal 
fatty acyl elongase activity.  ALA:-linolenic acid; SDA: stearidonic acid; ETA: 
eicosatetraenoic acid; EPA: eicosapentaenoic acid; DPA: docosapentaenoic acid; 
DHA; docosahexaenoic acid; LA: linoleic acid; GLA: linoleic acid; DGLA: 
dihomo- linoleic acid; ARA: arachidonic acid. 
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4.4 Fatty acids and appetite control in fishes 
An understanding of the appetite response of fishes as a result of 
the incorporation of plant oil into aquafeed is important in evaluating the 
overall biological response of the fish.  This response includes diet 
efficiency, fillet quality, and growth performance, in combination with the 
economic rate of return, such as the price of lipid source in total 
production.  Figueiredo-Silva et al. (2012a) investigated the use of coconut 
oil, a medium-chain fatty acid (C12), and fish oil on appetite and lipid 
metabolism in rainbow trout.  In this study, the number of calories and the 
substitution of fish oil with coconut oil increased fatty acid oxidation, 
suggesting the absence of any satiating effect of the diet in trout 
(Figueiredo-Silva et al., 2012a).  In a more recent study, LC-PUFA were 
found to modulate the peripheral appetite regulators, leptin and ghrelin, in 
rainbow trout (Francis et al., 2014).  A similar observation was reported in 
Eurasian perch, Perca fluviatilis, in which the levels of dietary LC-PUFA 
significantly affected food intake (Geay et al., 2015).  However, Miller et al. 
(2007) reported that the levels of dietary LC-PUFA had no effect on 
appetite in Atlantic salmon.  In addition, juvenile Coho salmon, 
Oncorhynchus kisutch, subjected to a diet with no fish oil (low levels of LC-
PUFA), showed no changes to their appetite compared to control fish (fed 
with a fish oil-based diet; Twibell et al., 2012). 
Although fish are highly diversified vertebrates and display a wide 
variation in morphology, behaviour, and physiological adaptations, their 
central appetite control system is similar to that of mammals (Kaiya et al., 
2008; Kang et al., 2011; Murashita et al., 2008; Tinoco et al., 2014; Volkoff, 
2014a; Volkoff, 2015b).  This is illustrated by the fact that appetite 
regulation in fishes is governed by neuronal (hypothalamus) and 
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hormonal (leptin and ghrelin) signalling that have a crucial role in 
triggering hunger and satiety, respectively (Austin and Marks, 2009; 
Babichuk and Volkoff, 2013; Kulczykowska and Sánchez Vázquez, 2010; 
Penney and Volkoff, 2014; Peyon et al., 2001; Volkoff, 2014a).  In fishes, it is 
now understood that both leptin and ghrelin bind to their respective 
receptors in the brain to excite and/or inhibit neurons that release peptides 
such as neuropeptide Y (NPY), pro-opiomelanocortin (POMC) and cocaine 
and amphetamine regulated transcript (CART) to regulate appetite 
(Hoskins and Volkoff, 2012; Kaiya et al., 2013; Trombley et al., 2012; 
Volkoff, 2014b). 
4.4.1 Ghrelin and GHSR 
As discussed in Part 1 of this thesis, ghrelin is an endogenous 
mediator responsible for releasing growth hormone and stimulating 
hunger, and is the only peripheral appetite promoter that has been 
demonstrated to date (Kojima et al., 1999; Wren et al., 2000).  Fish are a 
tremendously diverse vertebrate group that include agnathans (jawless 
fishes), chondrichthyans (cartilaginous fishes), sarcopterygians (lobe-
finned fishes), and actinopterygians (ray-finned fishes) (Nelson, 2006), and 
the length of the mature ghrelin peptide amongst fishes is wide-ranging 
and is summarised in Table 4-1.  In salmonid fishes, splicing of des-V14 R15 
Q16 ghrelin has been reported (Fig. 4-3, Hevrøy et al., 2011; Kaiya et al., 
2003a), and in rainbow trout, Kaiya et al. (2003a) demonstrated the 
presence of a glycine residue attachment at the C-terminus of both forms of 
ghrelin, basic and des-VRQ, respectively, thus confirming four splice 
variants in this species (ghrelin, des-VRQ-ghrelin, ghrelin-gly and des-
VRQ-ghrelin-gly; Fig. 4-4).  In addition, one of two types of ghrelin in 
channel catfish, Ictalurus punctatus, is glycine-attached (Kaiya et al., 2005).  
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Like mammals, ghrelin is predominately expressed in the gastrointestinal 
tract of fishes including goldfish, Carassius auratus (Miura et al., 2009), 
Atlantic salmon, and rainbow trout (Murashita et al., 2009); it is also 
expressed in the pyloric caeca of trout.  Furthermore, it is expressed in the 
hypothalamus of fish such as rainbow trout (Kaiya et al., 2003a), Japanese 
eel, Anguilla japonica (Kaiya et al., 2003b), Mozambique tilapia (Kaiya et al., 
2003c), channel catfish (Kaiya et al., 2005), and red-bellied piranha, 
Pygocentrus natereri (Volkoff, 2015b).  In some fish species, ghrelin mRNA 
was also expressed in the heart (Kaiya et al., 2003b; Kaiya et al., 2005; 
Wang et al., 2012), and kidneys (Ji et al., 2015; Mori et al., 2000), but in 
Atlantic salmon, ghrelin mRNA was not expressed in these tissues 
(Murashita et al., 2009). 
Ghrelin forms a complex with its receptor, the GHSR, in the brain to 
stimulate an orexigenic effect.  Two types of GHSR have been reported in 
mammals that are called GHSR-1a, the natural ligand for ghrelin, and a 
second isoform called GHSR-1b that is a truncated isoform of GHSR-1a 
that does not respond to growth hormone (Howard et al., 1996).  In fish, 
GHSR has been isolated from rainbow trout (Kaiya et al., 2009a), 
Mozambique tilapia, Oreochromis mossambicus (Kaiya et al., 2009b), 
pufferfish, Spheroides nephelus (Palyha et al., 2000), black seabream, 
Acanthopagrus schlegeli (Chan and Cheng 2004), zebrafish, Danio rerio 
(Kaiya et al., 2008; Olsson et al., 2008), channel catfish, Ictalurus punctatus 
(Small et al., 2009), and goldfish, Carassius auratus (Kaiya et al., 2010).  
Currently, rainbow trout, Mozambique tilapia, and channel catfish are 
reported to have two types of GHSR that are similar to the mammalian 
GHSR-1a and GHSR-1b, respectively (Kaiya et al., 2009a; Kaiya et al., 
2009b; Small et al., 2009).  However, two types of functioning GHSR have 
been isolated from zebrafish and are named as GHSR-1a and GHSR-2a, 
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respectively (Kaiya et al., 2008; Olsson et al., 2008).  In addition, four types 
of GHSR were isolated from goldfish, in which three out of the four 
variants are functional (Kaiya et al., 2010). 
The relative gene expression and concentration of circulating ghrelin 
are regulated by nutrient status, whereby ghrelin exerts an orexigenic 
effect and regulates eating behaviour when nutrient status is low.  Studies 
in fishes have shown that nutrient uptake drives the release of ghrelin 
between meals (Volkoff, 2015b; Wei et al., 2015).  For example, starved red-
bellied piranha showed an elevated ghrelin expression, in comparison to a 
satiated group, demonstrating a direct ghrelin influence on hunger arousal 
(Volkoff, 2015b). 
 
 
 
 
Figure 4-3 Multiple sequence alignment of ghrelin peptides isolated from human 
(H. sapiens; accession no. ADM33790.1), mouse (M. musculus; accession no. 
AAI32231.1), rat (R. norvegicus; accession no. BAA89370.1), Japanese toad (B. 
japonicas; accession no. BAM29298.1), rainbow trout 2 (des-VRQ) (O. mykiss; 
accession no. BAD02982.1), rainbow trout 1 (O. mykiss; accession no. BAD02980.1), 
goldfish (C. auratus; accession no. AAN16216.1), and chicken (G. gallus; accession 
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no. BAD27409.1).  Grey shading denotes the signal peptide; magenta shading is 
the mature peptide and un-highlighted is the C-terminal peptide.  The third 
acylated serine is highlighted in cyan.  The yellow highlighting indicates the des-
V14R15Q16 in the splice variants of rainbow trout ghrelin.  Glycine residues 
attached to arginine (R) at the C-terminal end of mature ghrelin are shaded green. 
 
 
 
Figure 4-4 Fundamental structure of ghrelin in human and rainbow trout.  A) 
Human ghrelin is a non-amidated peptide.  B) Rainbow trout ghrelin with 
amidated C-terminus.  C) Des-acyl rainbow trout ghrelin.  D) Des-VRQ rainbow 
trout ghrelin.  Magenta shading is the mature peptide and un-highlighted is the 
C-terminal peptide.  The acylated third serine is highlighted in cyan.  The yellow 
highlighting indicates the des-V14R15Q16 in the splice variants of rainbow trout 
ghrelin.  Glycine residues attached to arginine (R) at the C-terminal end of mature 
ghrelin are shaded green. 
  
Table 4-1 Information of ghrelin in fish species 
Species Common name Accession 
No. 
Remarks Ghrelin mature 
peptide 
Reference 
Carcharhinus melanopterus black-tip reef shark BAF33105  25 Kawakoshi et al., 2007 
Sphyrna lewini hammerhead shark BAF33104  25 Kawakoshi et al., 2007 
Anguilla japonica Japanese eel BAB96565    21 Kaiya et al., 2003b 
Oncorhynchuss mykiss   rainbow trout BAD02979 
BAD02982 
Prepro-ghrelin-1 
Prepro-ghrelin-2 
24 Kaiya et al., 2003a 
 
Salmo salar  Atlantic salmon BAG49731  24 Murashita et al., 2009 
Ichtalurus punctatus  channel catfish BAE03197 
BAE03198 
Prepro-ghrelin-1 
Prepro-ghrelin-2 
23 Kaiya et al., 2005 
Orechromis mossambique Mozambique tilapia BAC55160  21 Kaiya et al., 2003c 
Oreochromis niloticus Nile tilapia BAC65151  22 Parhar et al., 2003 
Carassius auratus  goldfish,    Miura et al., 2009 
Dicentrarchus labrax European seabass ABG49130  20 Terova et al., 2008 
Acanthopagrus schlegeli  black seabream AAV65508    20 Yeung et al., 2006 
Ctenopharyngodon idella grass carp AFI98391  26 Feng et al., 2013 
Schizothorax davidi snow trout AEV45801  26 Zhou et al., 2014 
Megalobrama amblycephala  blunt snout bream AFO68118  26 Ji et al., 2015 
Pygocentrus nattereri red-bellied piranha AIY55559   Volkoff, 2015b 
Thnnus orientalis Pacific blue fin tuna AB694738  20 Suda et al., 2012 
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4.4.2 Leptin and LepR 
As discussed in Part 1, leptin is an anorexigenic peptide that is 
known to induce satiety and promote negative energy balance in mammals 
(Kanoski et al., 2014; Wabitsch et al., 2015).  Fishes are highly diversified 
vertebrates and gene duplication has often been observed in this group, 
particularly in teleosts (Angotzi et al., 2013).  For example, leptin gene 
duplication has been reported in zebrafish, Atlantic salmon, goldfish, and 
orange-spotted grouper, Epinephelus coioides; such gene duplication is not 
present in mammals (Gorissen et al., 2009; Rønnestad et al., 2010; Tinoco et 
al., 2012; Zhang et al., 2013).  However, some teleost species only have a 
single leptin gene including red-bellied pacu, Piaractus brachypomus 
(Volkoff, 2015a), red-bellied piranha (Volkoff, 2015b), yellow catfish, 
Pelteobagrus fulvidraco (Gong et al., 2013), rainbow trout (Murashita et al., 
2008), grass carp, Ctenopharyngodon idella and silver carp, 
Hypophthalmichthys molitrix (Li et al., 2010), striped bass, Morone saxatilis 
(Won et al., 2012), Japanese pufferfish, Takifugu rubripes (Kurokawa et al.,  
2005), green spotted pufferfish, Tetraodon nigroviridis (AB193549.1), 
medaka, Oryzias latipes (Kurokawa and Murashita, 2009). 
Apart from the high variation found in the gene sequence, two 
cysteine residues that build the disulphide bridge of the leptin peptide are 
conserved in fishes, as reported in Japanese medaka, Oryzias latipes, 
(Kurokawa and Murashita, 2009), rainbow trout (Murashita et al., 2008), 
Atlantic salmon (Rønnestad et al., 2010), grass carp and silver carp (Li et 
al., 2010), red-bellied piranha (Volkoff, 2015b), zebrafish (Gorissen et al., 
2009), goldfish (Tinoco et al., 2012), and orange-spotted grouper (Zhang et 
al., 2013).  Mammalian leptin is predominantly derived from adipose 
tissue, but in fishes, leptin is mainly expressed in the liver and 
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inconsistently present in adipose tissue (Murashita et al., 2008; Pfundt et 
al., 2009; Rønnestad et al., 2010; Won et al., 2012).  Furthermore, leptin 
mRNA is also ubiquitously expressed in the brain, white muscle, heart, 
gill, and spleen of fishes (Gorissen et al., 2009; Rønnestad et al., 2010; 
Volkoff, 2015a, 2015b). 
The anorexic effect of leptin is activated when leptin forms a 
complex with LepR (Chisada et al., 2014).  In fishes, some species such as 
marine medaka,, Oryzias melastigma (Wong et al., 2007), Japanese medaka 
(Kurokawa and Murashita, 2009), Atlantic salmon (Rønnestad et al., 2010), 
goldfish (Tinoco et al., 2012), and orange-spotted grouper (Zhang et al., 
2013) have a single LepR gene.  However, in rainbow trout, two 
orthologues of LepR have been reported (Ningping et al., 2013).  The role 
of leptin as an appetite control peptide has been demonstrated in a number 
of fish species (Gorissen and Flik, 2014; Tinoco et al., 2012; Volkoff, 2015b).  
A direct intraperitoneal (IP) injection of homologous leptin leads to a 
reduction in food intake in rainbow trout (Murashita et al., 2008).  
However, there are variable effects when heterologous leptin is used.  In 
the striped bass, an IP injection of human leptin causes an anorexigenic 
effect (Won et al., 2012) but in Atlantic salmon, the role of homologous 
leptin (lep-a1) and human leptin as an appetite suppressant has not been 
clearly demonstrated (Trombley et al., 2012).  Like Atlantic salmon, a study 
using human leptin in Coho salmon has shown no appetite alteration in 
the fish (Baker et al., 2000). 
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Figure 4-5 Multiple sequence alignment of translated amino acid of leptin in 
human (H. sapiens, accession no. AAH69452.1); rainbow trout (O. mykiss, 
accession no. BAG09232); Atlantic salmon (S. salar A1, accession no. ACZ02412.1; 
S. salar A2 accession no. ADI77098.1); grass carp (C. idella, accession no. 
ACI32423); medaka (O. latipes, accession no. BAD94448); Atlantic charr (S. alpinus, 
accession no. BAH83535); zebrafish (D. rerio A, accession no. NP_001122048; D. 
rerio B, accession no. CAP15930; orange-spotted grouper (E. coioides A, accession 
no. AFU55260); E. coioides B, accession no. AFU55261); goldfish (C. auratus A1, 
accession no. ACL68083, C. auratus A2, accession no. ACO82076); and yellow 
catfish (P. fulvidraco, accession no. AFO67938).  The conserved two cysteine 
residues that build the disulphide bridge are highlighted in yellow. 
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4.4.3 Hypothalamic neuropeptides 
Neuropeptide Y was first reported and characterised in the brain of 
goldfish in 1989 by Kah and colleagues (Kah et al., 1989).  Subsequently, 
NPY has been isolated from several teleosts including yellowtail, Seriola 
quinqueradiata, (Hosomi et al., 2014), Chinese perch, Siniperca chuatsi (Liang 
et al., 2007), Atlantic cod, Gadus morhua (Kehoe and Volkoff, 2007), 
Japanese flounder, Paralichthys olivaceus (Kurokawa and Suzuki, 2002), 
Atlantic salmon (Murashita et al., 2009), European seabass, Dicentrarchus 
labrax (Cerdá-Reverter et al., 2000), rainbow trout (Doyon et al., 2003), 
channel catfish (Leonard et al., 2001) and zebrafish (Yokobori et al., 2012). 
In the late 1990s and 2000s, a number of studies demonstrated a role for 
NPY in regulating appetite in fish.  For example, López-Patiño et al. (1999) 
examined the direct effect of an IP injection of NPY, and demonstrated a 
role for NPY in the central regulation of feeding in goldfish.  The authors 
also suggested that NPY is released in response to food deprivation and 
subsequent hunger.  Using a different approach, Volkoff and Peter (2004) 
reported that goldfish treated with the endotoxin lipopolysaccharide (LPS, 
100 ng.g-1), which is an anorexigenic substance, exhibited a significant 
decrease in hypothalamic NPY expression and showed reduced appetite.  
A similar effect of NPY in mediating hunger in fish was also reported by 
Narnaware and Peter (2001), in which food deprived goldfish had a higher 
expression of hypothalamic NPY, and re-feeding subsequently reversed 
the effect of NPY. 
Although NPY is known to regulate appetite in the hypothalamus, 
the interaction of leptin and the hypothalamic NPY is inconclusive in fish.  
For example, Murashita et al. (2008) examined the direct interaction of 
homologous rainbow trout leptin with hypothalamic NPY and POMC in 
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rainbow trout, and found that leptin suppressed appetite and caused a 
reduction of the hypothalamic NPY mRNA levels, and increased the 
expression of the POMCs, A1 and A2.  In contrast, a study by Jørgensen et 
al. (2015) examined the influence of fasting and re-feeding in rainbow trout 
on leptin and the expression of hypothalamic appetite neuropeptides such 
as NPY and POMC.  The authors found that fasting and re-feeding did not 
affect plasma leptin levels or the expression of leptin mRNA in all of the 
tissues tested (brain, liver, adipose and skeletal muscle).  They also showed 
that re-feeding had no effect on hypothalamic NPY expression (Jørgensen 
et al., 2015).  In addition to leptin, one study has shown that ghrelin 
regulates the secretion of hypothalamic NPY to generate cascades of 
orexigenic signals in goldfish (Miura et al., 2006).  In addition to NPY, 
several studies have indicated an integrated role for the other 
neuropeptides in regulating appetite such as POMC and CART 
(Figueiredo-Silva et al., 2012b; Kehoe and Volkoff, 2007; Volkoff and Peter, 
2004).  However, a direct interaction between leptin and ghrelin with the 
neuropeptides such as POMC, CART, CRH and MCH has yet to be fully 
elucidated. 
4.5 Trout culture in Australia 
In recent decades, global fish consumption has increased, and 
statistics show that, on average, the fish consumption is 19 kg per capita in 
2012 compared to 10 kg per capita in 1960 (FAO, 2015b).  The increase is 
due to a greater dependence on fish for nutrition and general health in an 
ever-increasing population.  As a result, the global aquaculture industry 
has grown substantially, and in Australia, the value of aquaculture 
production is over $1 billion on average from 2011 until 2013.  The value in 
the Australian aquaculture industry is mainly due to farmed salmonids 
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(salmon, and trout: rainbow trout; brown trout, Salmo trutta; brook trout, 
Salvelinus fontinalis) and edible oyster, the latter having shown the largest 
increase within this decade, and now valued $108 million in 2012 - 2013 
(ABARES, 2012, 2013).  Rainbow trout is one of the important species in 
aquaculture and is largely produced in Europe, North America, Chile, 
Japan, and Australia (FAO, 2015a; STECF, 2014).  Since 2000, the 
production of trout has increased exponentially (FAO, 2015a).  In 
Australia, the production of trout is primarily to supply a protein source 
for human consumption, and is increasing in line with an increased fish 
consumption by people (ABARES, 2012, 2013). 
Accompanying the rapid growth in aquaculture production, 
sustainable practice and management of the aquaculture industry has 
become an issue due to the use of fish oil in aquafeed (FAO, 2015b).  The 
use of fish oil in trout nutrition is essential because rainbow trout are 
classified as a strict carnivore and a dietary lipid source is crucial for their 
growth and the quality of post-harvest products such as the fillet 
(Glencross, 2011; Marandel et al., 2015).  However, the inclusion of fish oil 
as a primary lipid source in trout nutrition is unsustainable both 
environmentally and economically.  Plant oils such as soy bean oil, palm 
oil, sunflower oil, linseed oil, canola oil, and camelina oil have been 
incorporated in rainbow trout feed to substitute fish oil as a part of the 
nutrient content in aquafeed for trout (Codabaccus et al., 2013; Hixson et 
al., 2014; Turchini et al., 2013; Yıldız et al., 2013).  The use of plant oil in 
trout nutrition has various effects, particularly on growth and fatty acid 
bioconversion.  Furthermore, current progress in research on lipids and 
biosynthetic pathways has shown that trout possess the ability to utilise 
plant oil without compromising food intake and growth, and have the 
biochemical machinery to bioconvert PUFA to LC-PUFA (Turchini et al.,  
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2009; Turchini et al., 2013).  However, the specific influence of fatty acid 
such as LA and ALA, which are components of plant oil, on the appetite 
control signalling system has not been established, and is investigated in 
the next chapter. 
In addition to appetite control, a full understanding of fatty acid 
metabolism in rainbow trout is still lacking, which has ramifications for the 
development of aquafeeds and their oil content.  Therefore, the last chapter 
of this thesis involves the cloning and characterisation of a delta 5 
desaturase in rainbow trout (Fig. 4-6), which is the first report of this 
enzyme in trout. 
 
 
Figure 4-6 Rainbow trout (O. mykiss) cultured at Deakin University. 
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5.1 Introduction 
As previously discussed, sustainable aquaculture is a significant 
global issue as it underpins the ability of the world to feed its people.  As 
part of this, the production of high quality aquafeed as a diet for fish 
reared in aquaculture is challenging in an environment that is conscious of 
the need for sustainable fisheries in order to provide fish oil.  Furthermore, 
the global demand for aquaculture produce has expanded production 
considerably in recent years, and it is apparent that the supply of fish oil 
for aquafeed cannot meet the demand.  As a consequence, a number of 
studies have been conducted to search for alternative sources of oil as a 
substitute for the inclusion of fish oil in aquafeed, and plant oil is now 
considered a better option than terrestrial animal fats, such as lard and beef 
tallow (Huang et al., 2014; Mozanzadeh et al., 2016).  This is illustrated in a 
number of studies in which it was found that some fish such as gilthead 
sea bream, Sparus aurata (Nasopoulou et al., 2011; Nasopoulou and 
Zabetakis, 2012; Wassef et al., 2015), Nile tilapia, Oreochromis niloticus, red 
tilapia, Oreochromis sp. (Teoh et al., 2011; Tupac-Yupanqui et al., 2013), 
silvery-black porgy, Sparidentex hasta (Mozanzadeh et al., 2016), turbot, 
Psetta maxima (Altundag et al., 2014) and air-breathing catfish, 
Heterobranchus longifilis (Babalola and Apata, 2012), showed a marked 
tolerance to ingestion of plant oil without compromising growth 
performance.  In comparison, some species such as European perch, Perca 
fluviatilis (Geay et al., 2015), Japanese seabass, Lateolabrax japanicus (Xu et 
al., 2015) and Coho salmon, Oncorhynchus  kisutch (Twibell et al., 2012) 
were reported to have a decreased food intake and a compromised 
immune system when plant oil was incorporated into their diet.  Because 
the utilisation of plant oil in aquafeed is essential in the future, an 
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understanding of the impact of plant oil on the biology of cultured fish 
species is important. 
Appetite regulation is the key to food intake, which consequently 
affects the growth performance of the fish.  There are a number of studies 
that have elucidated the effect of plant oil incorporation in fish diets on 
growth and fillet quality, but less information is available on the effect of 
dietary lipid sources on appetite regulators such as leptin, ghrelin and the 
central appetite regulating peptides in the hypothalamus (Geay et al., 2015; 
Gong et al., 2016b; Navarro-Guillén et al., 2014; Tocher and Glencross, 
2015; Xu et al., 2015).  In one study on the rainbow trout, O. mykiss, the 
effect of dietary oil on plasma leptin and ghrelin was assessed using 
heterologous radioimmunoassays (Francis et al., 2014).  The authors found 
that trout fed with fish oil had significantly lower plasma leptin 
concentrations compared to fish fed vegetable oil (Francis et al., 2014).  
Furthermore, the different plant oil treatments given to the fish in 
aquafeed during a grow out period resulted in significantly higher plasma 
leptin concentrations prior to feeding, but no significant differences were 
observed after feeding.  However, when fish were shifted to a diet 
containing fish oil alone, their plasma leptin concentrations were similar 
before feeding regardless of the type of oil in the diet in the grow out 
period.  Interestingly, post-feeding plasma leptin concentrations were 
observed to be significantly different between the oil groups (Francis et al., 
2014).  This finding is similar to a previous study in gilthead sea bream 
(Ganga et al., 2005).  With respect to plasma ghrelin, there were observed 
differences between the different plant oil treatments (Francis et al., 2014).  
For example, fish fed olive oil and palm oil had significantly higher 
postprandial concentrations of plasma ghrelin.  Thus, it appears that the 
peripheral appetite regulators can be modulated by the type of oil in the 
aquafeed, but the mechanism for this is regulated is currently unknown. 
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As previously discussed, appetite regulation is regulated by 
peripheral signalling molecules in concert with hypothalamic receptors 
and neuropeptides, but there is no information on the effect of changing oil 
in aquafeed on their gene expression.  Therefore, the aim of this study is to 
address this gap and provide fundamental information on the effect of 
dietary lipid sources on the gene expression of the appetite control system 
in rainbow trout. 
5.2 Materials and Methods 
 Fish husbandry  5.2.1
Juvenile rainbow trout were obtained from Fisheries Victoria, 
Department of Primary Industries (DPI) – Snobs Creek, Australia.  Fish 
were allowed to acclimatise for five weeks in a recirculating aquaculture 
system (RAS) located at Deakin University, Warrnambool Campus, and 
maintained with a commercial diet (Skretting, Cambridge, Tasmania, 
Australia) at 2% of their body weight.  Each tank of the RAS system has a 
capacity of 1,000 L and were filled with freshwater and fitted with an in-
line oxygen generator.  The RAS was equipped with a physical and 
biological filtration system (drum filter with a 60 µm screen; Hydrotech 
Vellinge, Sweden), ultraviolet (UV) disinfection and on a cycle of 12:12 hr 
light:dark.  The mean water temperature was 15.0 ± 0.8 °C, pH 8.26 ± 0.04 
and oxygen concentration level was at an average of 9.14 ± 0.30 mg.L-1, and 
monitored daily.  Routine fish husbandry was carried out daily by 
Dr. T. Thanuthong, and any fish health concerns dealt with accordingly.  
Ammonia waste and nitrite concentration were measured once per week 
using Aquamerck test kits (Merck, Darmstadt, Germany), and were 
maintained below 0.20 mg.L−1 and 0.25 mg.L−1, respectively.  Each tank 
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contained 30 fish.  Fish (n=8) from each tank were euthanised with an 
overdose of AQUI-S (10% w/v) and subjected to proximate composition 
analysis (n=4) and biometric analysis (n=4).  Skeletal muscle, liver, 
intestine, pyloric caeca, gill, kidney, white adipose and brain samples were 
collected and snap frozen in liquid nitrogen, and stored at -80 °C.  This 
study was approved by Deakin University Animal Ethics Committee 
(A6/2006). 
 
 Experimental diets 5.2.2
Three diets were formulated to contain similar levels of protein 
(47%) and lipid (20%).  All diets contained a similar amount of raw 
ingredients as shown in Table 5-1, but differed in the source of dietary 
lipid that contribute to a different level of -linolenic acid (ALA) and 
linoleic acid (LA).  These diets were prepared as described previously in 
Brown et al. (2010).  In this study, the control diet was incorporated with 
fish oil (rich in LC-PUFA), meanwhile linseed oil (LO: rich in ALA) and 
sunflower oil (rich in LA) were used to substitute fish oil as a dietary lipid 
in the two other diets.  All diets contained a similar amount of energy and 
approximate compositions of each diet are shown in Table 5-1. 
Table 5-1 Formulation and proximate analysis of the experimental diets (mg.g-1 as 
fed). 
Dietary treatments a  FO LO SO 
Fish meal b  338.3  338.3 338.3 
Defatted soybean meal b  338.3   338.3 338.3 
Wheat gluten c  56.4   56.4   56.4 
Wheat flour d  110.5  110.5  110.5 
Vitamin & minerals b  3.0  3.0  3.0 
Choline e  5.0  5.0  5.0 
Cr2O3 f  2.0  2.0  2.0 
Fish oil g  146.6  –   – 
Sunflower oil h  –  –  146.6 
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Linseed oil h – 146.6 – 
    
Table 5-1 continued    
Proximate Analysis    
Moisture 62.1  67.0  61.0 
Protein 464.5  463.5  467.6 
Lipid 189.6  185.2  180.4 
Ash  84.0  81.3  88.2 
NFEi 199.7  203.0  202.8 
Energy kJ.g-1 21.89 21.75 21.65 
 
 
a Diet abbreviations: FO diet contains fish oil, LO diet contains linseed oil 
and SO diet contain sunflower oil 
b  Ridley Agriproducts, Narangba, Queensland, Australia 
c  Manildra, Auburn, New South Wales, Australia 
d  Black and Gold, NSW, Australia 
e  Choline bitartrate, Sigma-Aldrich, Inc. St. Louis, MO, USA 
f  Chromium oxide, Sigma-Aldrich, Inc. St. Louis, MO, USA 
g  Sceneys veterinary grade, Sceney Chemical PTY., LTD. Sunshine, VIC., 
Australia 
h Sceneys refined, Sceney Chemical PTY., LTD. Sunshine, VIC., Australia 
i Nitrogen free extract 
j  Calculated on the basis of 23.6, 39.5 and 17.2 kJ.g-1 of protein, fat and 
carbohydrate, respectively 
 
 Chemical composition and fatty acid analysis 5.2.3
The proximate chemical composition and fatty acid composition of 
the experimental diets, fillet and faeces were determined according to 
standard procedures and was performed by Dr. T Thanuthong as reported 
in Thanutthong et al. (2011c).  Moisture content of the samples was 
determined by drying the samples in an oven at 80 °C until a constant 
weight was achieved.  Total lipid content was measured by 
chloroform/methanol extraction (2:1) and protein content was analysed by 
determination of nitrogen content using an automated Kjeltech 2300 (Foss 
Tecator).  Samples were incinerated in a muffle furnace at 550 °C for 18 
hours to determine ash content, and nitrogen-free extract (NFE) was 
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calculated by the difference in protein, lipid, starch and ash.  Total energy 
of the diets was calculated using energy content in protein, lipid and 
carbohydrate, which were 23.6, 39.5 and 17.2 kJ.g-1, respectively.  The 
profile of fatty acids content was analysed using gas chromatography and 
was conducted by Dr. T Thanuthong as reported in Thanuthong et al. 
(2011c). 
 Molecular biology 5.2.4
The mRNA expression of LepR (BT073942), NPY (AF308735) GHSR-
1a (GHSR: NM001124594), leptin (AB354909) and ghrelin (NM001124588) 
in rainbow trout were examined.  Bioinformatics tools and molecular 
biology techniques were performed according to protocols described in 
Chapter 2 Sections 2.2.3.1 - 2.2.3.7.  The priming oligonucleotides were 
designed using existing sequences available in the NCBI database.  β-actin 
(ActB) (AF157514) was used as a house-keeping gene (HKG) for reverse 
transcriptional PCR.  Thermal cycling conditions are shown in Table 5-2.  
Primers that were used for reverse transcription PCR and real-time PCR 
are listed in Table 5-3.  Real-time PCR was performed as described in 
Chapter 2 Section 2.2.3.8 with a modification in which the delta-delta Ct (2-
∆∆CT) value was calculated using an internal reference 18S ribosomal RNA 
(18S rRNA) for data normalisation.  Six fish from each treatment were used 
for real-time PCR. 
Table 5-2 Thermal cycling conditions used for reverse transcription PCR. 
 Denature Annealing  Extension Cycles 
Beta Actin 94 °C 40 sec 58 °C 30 sec 72 °C 40 sec 30 
LepR 94 °C 45 sec 55 °C 30 sec 72 °C 45 sec 36 
GHSR-1a 94 °C 45 sec 55 °C 30 sec 72 °C 45 sec 36 
Leptin 94 °C 45 sec 60 °C 30 sec 72 °C 45 sec 36 
Ghrelin  
(Kaiya et al., 2003) 
94 °C 1 min 53 °C 30 sec 72 °C 6 min 30 
 
Table 5-3 Priming oligonucleotides used for reverse transcription PCR and real-time PCR 
 
Gene  Accession 
number 
Sequence (5'- 3') 
Reverse transcription PCR 
Size 
(bp) 
Sequence (5'- 3') 
Real-time PCR 
Size 
(bp) 
ActB F AF157514 TGGCATCACACCTTCTACAACG 350   
R  GTGGTGAAGCTGTAACCGC   
18S F AF308735   TGTGCCGCTAGAGGTGAAATT 63 
R   TGGCAAATGCTTTCGCTTT 
LepR F BT073942 GTGTGTTGTTGTGGACTGTGTGA 439 CCTCGCCCCAATCCCTTA 63 
R  ACCACTGCTGCCAACTAAAGTC TTGCTGGCCGAGTCTGTGT 
NPY F AF203902 ACGCACAGCAGCAGAAAGAC 390 GGAAGGCTACCCGGTCAAA 75 
R  GGGCCGGGACAGACACTATTAC AGCGGAGTAATACTTGGCCAGTT 
GHSR-
1a 
F NM001124594 GCACACAGGGACAAGAGCAA 542 TACTGCTCCCTTGTTTCCACTGT 87 
R  GTAAGCCGGTGCTCTCTTGG CCGGTACTTCCTAGACATGGTGTTA 
Leptin F AB354909 CATACACCCATTCCTCCAGAC 590 ACCTGATCGAGGGCATGGA 67 
R  CATGGCACAAACTGATCTGAG GGCAGGCTTTCTATATGCTGATCTA 
Ghrelin F NM001124588 GATATCAATGTCCAAGGTATATCTG 543 CTGGCTCTGTGGGCCAAGT 76 
R  AAGGAAGCAGTGTTATTTTATTCA TCCCTTTACCCTGTGGTTTCTG 
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 Statistical analysis 5.2.5
Statistical analysis for relative mRNA expression was performed 
using IBM SPSS version 22.  All data are presented as mean ± SEM, n=6 for 
each treatment.  Raw data were subjected to Box-plot analysis and 
Levene’s test to identify outliers and to analyse the assumption of 
homoscedasticity of the variance, respectively.  One-way analysis of 
variance (ANOVA) was performed to analyse the difference among 
variances.  A Duncan post analysis was performed if the data set had a 
significant difference.  The association between the expression of a gene 
was assessed using Pearson correlation and the p value is set at 0.05. 
Growth performance, body metric indexes, fatty acid content and 
proximate composition analysis was performed using SPSS version 17 by 
Dr. T. Thanuthong.  All data are presented in mean ± SEM, n=18 for each 
treatment.  One-way ANOVA was performed following the conformation 
of normality and subjected to a Student-Newman-Keuls post-hoc test. 
5.3 Results 
The diets contained a similar level of lipid and protein, which was 
approximately 185 mg.g-1 and 465 mg.g-1, respectively.  Therefore, the 
formulated diets were considered to be iso-lipidic, iso-proteic and iso-
energetic (Table 5-1).  The composition of fatty acid in the experimental 
diets were determined and is presented in Table 5-4 (Thanuthong et al., 
2011c).  The fish oil diet contained the highest content of n-3 LC-PUFA 
(20.5%), which was mainly due to a high level of EPA (7.6%) and DHA 
(8.9%).  Linseed oil and sunflower diets contained 43.1% of ALA and 54.1% 
LA, respectively.  The levels of EPA and DHA in the linseed oil and 
sunflower oil diets were approximately 3%, which was mainly due to the 
inclusion of fish meal in these diets. 
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Table 5-4 Fatty acid composition of the experimental diets (mg per g lipid, 
Thanuthong et al., 2011c). 
 
Diet a FO LO SO 
14:00 44.6 (4.7)  8.2 (0.8)  9.5 (1.0) 
16:00 140.2 (14.8)  75.0 (7.8)  85.8 (9.0) 
18:00 30.4 (3.2)  36.1 (3.7)  32.0 (3.3) 
20:00 2.7 (0.3)  2.2 (0.2)  2.9 (0.3) 
22:00 1.7 (0.2)  1.9 (0.2)  4.7 (0.5) 
0:00 2.5 (0.3)  2.5 (0.3)  3.3 (0.3) 
14:1n-5  0.6 (0.1)  –  –  
16:1n-7 60.8 (6.4)  11.1 (1.2)  12.6 (1.3) 
18:1n-7  33.9 (3.6)  13.7 (1.4)  14.9 (1.6) 
18:1n-9  220.0 (23.2)  173.9 (18.0)  201.0 (21.0) 
20:1n-9  34.2 (3.6)  2.6 (0.3)  2.7 (0.3) 
22:1n-9  6.6 (0.7)  0.7 (0.1)  1.6 (0.2) 
24:1n-9  1.2 (0.1)  2.5 (0.3)  – 
20:1n-11  4.2 (0.4)  0.8 (0.1)  0.6 (0.1) 
22:1n-11  29.6 (3.1)  0.9 (0.1)  0.7 (0.1) 
18:2n-6  91.3 (9.6)  158.5 (16.4)  517.5 (54.1) 
20:2n-6  4.8 (0.5)  0.7 (0.1)  0.4 (0.0) 
22:2n-6  0.4 (0.0)  0.8 (0.1)  – 
18:3n-6  1.3 (0.1)  0.1 (0.0)  0.9 (0.1) 
20:3n-6b  –  – –  
20:4n-6  6.7 (0.7)  2.5 (0.3)  2.7 (0.3) 
22:4n-6  1.8 (0.2)  0.4 (0.0)  0.4 (0.0) 
18:3n-3  24.2 (2.6)  416.8 (43.1)  8.4 (0.9) 
20:3n-3  2.0 (0.2)  0.3 (0.0)  –  
18:4n-3  11.3 (1.2)  3.7 (0.4)  2.6 (0.3) 
20:4n-3  9.7 (1.0)  1.1 (0.1)  1.2 (0.1) 
20:5n-3  71.8 (7.6)  23.3 (2.4)  23.6 (2.5) 
22:5n-3  26.5 (2.8)  4.8 (0.5)  5.7 (0.6) 
22:6n-3  84.6 (8.9)  22.2 (2.3)  19.9 (2.1) 
Saturated fatty acids (SFA) 222.1 (23.4)  125.8 (13.0)  138.3 (14.5) 
Monounsaturated fatty acids (MUFA) 391.1 (41.2)  206.2 (21.3)  234.3 (24.5) 
Polyunsaturated fatty acids (PUFA)  336.4 (35.4)  635.2 (65.7)  583.3 (61.0) 
C18 n-6 PUFAc  92.7 (9.8)  158.6 (16.4)  518.4 (54.2) 
C18 n-3 PUFAd  35.6 (3.7)  420.5 (43.5)  11.0 (1.2) 
n-6 LC-PUFAe  13.6 (1.4)  4.4 (0.5)  3.5 (0.4) 
n-3 LC-PUFAf 194.5 (20.5)  51.7 (5.3)  50.4 (5.3) 
18:3n-3/18:2n-6g  0.27 2.63 0.02 
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a  Diet abbreviation: FO diet contains fish oil, LO diet contains linseed oil 
and SO diet contain sunflower oil 
b  20:3n-6 was not detected in any quantifiable amount in the experimental 
diets, but in consideration it was present in fish tissues, it was reported in 
the present table for consistency 
c  PUFA with 18 atoms of carbon and the first double bond at the 6th carbon 
atom from the methyl end of the molecule 
d PUFA with 18 atoms of carbon and the first double bond at the 3rd carbon 
atom from the methyl end of the molecule 
e  Long chain polyunsaturated fatty acids (PUFA with 20 or more atoms of 
carbon) with the first double bond at the 6th carbon atom from the methyl 
end of the molecule 
f  Long chain polyunsaturated fatty acids (PUFA with 20 or more atoms of 
carbon) with the first double bond at the 3rd carbon atom from the methyl 
end of the molecule 
g Ratio of α-linolenic acid (ALA; 18:3n-3) to linoleic acid (LA; 18:2n-6) 
 
w/w % of total fatty acids in parentheses and italics. 
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 Growth performance 5.3.1
Growth performance for rainbow trout after 126 days of the feeding 
trial is reported in Table 5-5.  Fish weighed an average of 550 g (FO: 562.2 ± 
6.2 g), (LO: 586.6 ± 16.2 g) and (SO: 596.8 ± 31.4 g) at the completion of the 
trial, and there were no significant differences in growth between any 
dietary treatments (p>0.05).  Overall, the fish gained more than 1500% in 
weight.  In 3 months, each of the fish had consumed approximately 600 g 
of the formulated diets (p>0.05).  The food conversion ratio value of the 
dietary treatment ranged from 1.1 to 1.2 (p>0.05), fat deposition rate was 
3.5 in all diets (p>0.05) and the specific growth rate ranged from 2.3 to 2.4 
(p>0.05). 
 
Table 5-5 Growth performance of rainbow trout induced with different sources of 
dietary lipid. 
Diet FO LO SO 
Initial weight (g)  29.8 ± 0.2  30.3 ± 0.6  30.1 ± 0.3 
Final weight (g)  562.2 ± 6.2  586.6 ± 16.2  596.8 ± 31.4 
Gain (g/fish)  532.4 ± 6.1  556.3 ± 16.8  566.7 ± 31.2 
Gain (%)b  1,786 ± 18  1,841 ± 92  1,882 ± 96 
Feed intake (g/fish)  627.6 ± 2.9  617.8 ± 9.3  603.9 ± 11.4 
SGR (% day-1)c  2.3 2.4  2.4 
FDR (% day-1)d  3.5 3.5 3.5 
FCRe  1.2 1.1  1.1 
 
Newman–Keuls post hoc test, n=18 
a  Diet abbreviation: FO diet contains fish oil, LO diet contains linseed oil 
and SO diet contain sunflower oil 
b  Weight gain% = [(final weight - initial weight)/(initial weight)]×100 
c  Specific Growth Rate = [Ln(final weight) - Ln(initial weight)]/(number of 
days)× 100 
d  Fat deposition rate = [Ln (final lipid) – Ln (initial lipid)]/(number of 
days)×100 
e  Feed conversion ratio = (dry feed fed)/(wet weight gain) 
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 The mRNA expression analysis 5.3.2
Prior to real-time analysis, leptin, ghrelin, LepR, GHSR-1a and NPY 
mRNA were amplified using reverse transcription PCR from rainbow trout 
fed with FO diet, which is presented in Fig. 5-1.  Leptin mRNA was 
amplified from liver and ghrelin mRNA was amplified from stomach.  
LepR, GHSR-1a and NPY mRNA were amplified from the brain.  The 
integrity of the synthesised cDNA was validated using the ActB gene. 
 
Figure 5-1 The expression of leptin, LepR, ghrelin, GHSR-1a and NPY mRNA in 
rainbow trout.  L: Ladder; 1: ActB (brain); 2: LepR (brain); 3: NPY (brain); 4: 
GHSR-1a (brain); 5: ActB(liver); 6: Leptin (liver); 7: ActB (stomach); 8: Ghrelin 
(stomach). DNA marker size is ranged from 300 bp to 700 bp.  ActB was amplified 
as an HKG. 
The pattern of leptin, ghrelin, LepR, GHSR-1a and NPY mRNA 
expression in various tissues is shown in Fig. 5-2.  Leptin mRNA was 
highly expressed in the heart and liver.  A weak expression of leptin 
mRNA was observed in gill and no leptin mRNA was expressed in 
adipose tissue, intestine, skeletal muscle, pyloric caeca and stomach.  LepR 
mRNA was ubiquitously expressed in all tissues.  Ghrelin mRNA was only 
expressed in intestine, pyloric caeca and stomach.  GHSR-1a was found in 
the brain, gill, heart, intestine, pyloric caeca and stomach and NPY mRNA 
was expressed in the brain, gill, heart, intestine and kidney.  The 
expression of ActB mRNA was uniform across all tissues, confirming that 
the quality of the cDNA was reliable for gene expression analysis. 
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Figure 5-2 The mRNA expression pattern of leptin, LepR, ghrelin, GHSR-1a, NPY 
in rainbow trout tissues.  These genes were differentially expressed in adipose 
tissue (1), brain (2), gill (3), heart (4), intestine (5), kidney (6), liver (7), skeletal 
muscle (8), pyloric caeca (9) and stomach (10).  No template control, NTC (11) was 
included as negative control.  ActB was amplified as an HKG. 
 
 
 The expression of leptin and LepR mRNA 5.3.3
Relative expression of hepatic leptin mRNA and hypothalamic 
LepR mRNA in rainbow trout is shown in Fig. 5-3.  Overall, dietary lipid 
had no influence on the levels of hepatic leptin mRNA expression in 
rainbow trout (p>0.05).  In general, the highest leptin mRNA expression 
was observed in fish fed with fish oil, and the lowest level of leptin mRNA 
was detected in fish fed with linseed oil (Fig. 5-3A).  However, the 
differences amongst treatment groups was not statistically significant 
(p>0.05).  LepR mRNA expression in the brain of fish fed with the linseed 
oil diet was found to have a higher level of LepR mRNA expression 
compared with fish maintained with fish oil and sunflower oil diets (Fig. 5-
3B).  However, the differences in LepR mRNA expression levels amongst 
dietary treatments was not statistically significant (p>0.05). 
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Figure 5-3 Relative leptin mRNA expression in the liver (A) and LepR mRNA 
expression in the brain (B) of rainbow trout.  Data are presented as mean ± SEM.  
The dietary lipid source had no significant effect on the levels of leptin mRNA 
expression in liver and LepR mRNA expression in the brain of rainbow trout 
(p>0.05) (n=18).  Diet abbreviation: FO diet contained fish oil, LO diet contained 
linseed oil, and SO diet contained sunflower oil. 
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 The expression of ghrelin, GHSR-1a and NPY mRNA 5.3.4
Relative expression of gastric ghrelin mRNA, hypothalamic 
GHSR1a and NPY mRNA is presented in Fig. 5-4.  Dietary fatty acid 
content had no effect on gastric ghrelin mRNA and hypothalamic GHSR-
1a mRNA expression, as well as NPY mRNA expression (p>0.05).  
However, a general trend was observed amongst the experimental diets.  
The highest levels of ghrelin mRNA were expressed in fish fed with 
linseed oil and the lowest levels of gastric ghrelin mRNA were in fish oil 
fed fish (Fig. 5-4A; p>0.05).  The levels of hypothalamic GHSR-1a mRNA 
expression were highest in fish fed with the linseed oil diet and the lowest 
were in fish fed with the sunflower oil diet (Fig. 5-4B; p>0.05).  Fish fed 
with the linseed oil diet also expressed the highest level of hypothalamic 
NPY mRNA compared with fish maintained with a fish oil and sunflower 
oil diet, but the differences were not statistically significant (p>0.05). 
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Figure 5-4 Relative gastric ghrelin mRNA expression (A), hypothalamic GHSR- 1a 
mRNA expression (B) and hypothalamic NPY mRNA expression (C) in rainbow 
trout.  Data are presented as mean ± SEM.  Dietary lipid source has no significant 
effect on the levels of ghrelin, GHSR-1a and NPY mRNA expression in rainbow 
trout (p>0.05) (n=18).  Diet abbreviation: FO diet contained fish oil, LO diet 
contained linseed oil and SO diet contained sunflower oil. 
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 Correlation amongst appetite control peptides 5.3.5
The correlation between mRNA expression amongst leptin, ghrelin, 
LepR, GHSR-1a and NPY are presented in Table 5-6.  Hepatic leptin 
mRNA expression showed no correlation to any appetite regulators and a 
similar result was obtained with gastric ghrelin mRNA.  Hypothalamic 
LepR was found to have a strong and positive correlation with 
hypothalamic NPY (r=0.758, n=18, p<0.001), and GHSR-1a (r=0.495, n=18, 
p<0.05).  In addition, NPY mRNA expression was correlated with GHSR-1a 
mRNA in the brain (r=0.479, n=18, p<0.05). 
 
Table 5-6 Pearson correlation of appetite regulator genes. 
Genes Leptin NPY LepR GHSR-1a Ghrelin 
Leptin 
r 1 .070 -.032 .104 .052 
p. (2-tailed)  .783   .898 .681 .837 
n 18 18 18 18 18 
NPY 
r .070 1 .758** .479* .257 
p (2-tailed) .783  .000 .045 .303 
n 18 18 18 18 18 
LepR 
r -.032 .758** 1 .495* .392 
p (2-tailed)  .898 .000  .037 .107 
n 18 18 18 18 18 
GHSR-1a 
r .104 .479* .495* 1 .290 
p  (2-tailed) .681 .045 .037  .243 
n 18 18 18 18 18 
Ghrelin 
r .052 .257 .392 .290 1 
p  (2-tailed) .837 .303 .107 .243  
n 18 18 18 18 18 
** Correlation is significant at the 0.01 level (2-tailed) 
*  Correlation is significant at the 0.05 level (2-tailed) 
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5.4 Discussion 
Lipid is a major component of aquafeed and the current trend for 
the utilisation of lipid in aquafeed has become an important issue in the 
industry.  As previously mentioned, fish oil is the preferred source of lipid, 
but issues have arisen concerning the environmental sustainability of fish 
oil.  Therefore, the replacement of fish oil has been taking place, but there 
are few data on how this will affect the appetite control system of cultured 
fish.  In this study, rainbow trout were fed iso-caloric diets that varied in 
the type of oil.  Fish were maintained on the experimental diets for 126 
days and growth performance, food intake, and the mRNA expression of 
peripheral and central appetite regulating genes was determined.  Overall, 
a total replacement of fish oil with linseed oil and sunflower oil in the diet 
did not cause any adverse effects on growth performance and feeding 
pattern, and the expression of appetite-regulating genes. 
Prior to the analysis of the effect of dietary replacement of fish oil 
with linseed oil and sunflower oil, the mRNA expression pattern of the 
appetite control genes was determined.  Accordingly, the mRNA 
expression of leptin, ghrelin, LepR, GHSR-1a and NPY was shown in the 
brain, gill, heart, intestine, kidney, liver, skeletal muscle, pyloric caeca and 
stomach, in order to identify the main organs in which the genes are 
expressed. 
 
 The mRNA expression pattern of appetite regulators 5.4.1
Unlike mammals in which the adipose tissue is the predominant site 
of leptin synthesis and secretion (Allison and Myers, 2014; Zhang and 
Scarpace, 2006), leptin mRNA was not detected in the adipose tissue of 
rainbow trout.  In contrast, it was highly expressed in the liver of rainbow 
trout.  The presence of hepatic leptin mRNA expression in this study was 
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consistent with a similar study in rainbow trout by Murashita et al. (2008), 
and with previous studies in other teleosts such as striped bass, 
Morone saxatilis (Won et al., 2012), Atlantic salmon (Rønnestad et al., 2010), 
goldfish, C. auratus (Tinoco et al., 2012) and orange-spotted grouper, E. 
coioides (Zhang et al., 2013). Thus, the main site of leptin secretion in fish is 
different to mammals, which could suggest a different mechanism for the 
action for leptin in these two vertebrate classes.  In addition to leptin 
mRNA expression in the liver, its expression was also observed in the 
heart; this finding is also similar to that reported by Murashita et al. (2008).  
Cardiac leptin mRNA expression has previously been reported in rat 
(Purdham et al., 2004) and the Spinifex hopping mouse, N. alexis  (Part 1, 
Chapter 2).  Leptin mRNA was also expressed in gill, which has been 
reported previously in Atlantic salmon (Rønnestad et al., 2010).  In the 
current study, leptin mRNA expression was not detected in skeletal 
muscle, which is in contrast to the study of Murashita et al. (2008) who 
reported leptin mRNA expression in the skeletal muscle of rainbow trout.  
The discrepancy between the two studies may be due to gene amplification 
methodologies using reverse transcription PCR, as leptin could be present 
in the skeletal muscle at low levels.  The abundant expression of LepR 
mRNA in the different tissues of rainbow trout is consistent with the LepR 
mRNA expression pattern in Atlantic salmon (Rønnestad et al., 2010), 
goldfish (Tinoco et al., 2012) and yellow catfish (Gong et al., 2013).  This 
pattern is also similar to the expression pattern for mammalian LepR 
mRNA (Castracane et al., 2007; Rajala et al., 2014; Wang et al., 2013). 
In this study, ghrelin mRNA was highly expressed in the intestine, 
pyloric caeca and stomach of rainbow trout.  This observation was similar 
to the ghrelin mRNA expression pattern reported earlier in rainbow trout 
(Kaiya et al., 2003) and Atlantic salmon (Murashita et al., 2009). However, 
there was a discrepancy regarding the presence of ghrelin mRNA in the 
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brain of rainbow trout.  Previously, Kaiya et al. (2003) reported 
hypothalamic ghrelin mRNA expression in rainbow trout using real-time 
PCR, but in the current study, the gene was amplified using reverse 
transcription PCR, and this may have affected the detection sensitivity of 
the PCR.  In this study, GHSR-1a mRNA was expressed in the brain, gill, 
heart, intestine, pyloric caeca and stomach, but no expression was 
observed in the kidney, liver and skeletal muscle.  However, in other 
species such as channel catfish, Ictalurus punctatus, GHSR-1a mRNA was 
expressed in the kidney, liver, and skeletal muscle (Small et al., 2009). 
In this study, NPY mRNA was expressed in the brain as well as in 
peripheral tissues such as gill, heart, intestine and kidney of rainbow trout.  
The expression of brain NPY mRNA in rainbow trout is consistent with 
other studies in fishes, mammals, reptiles, amphibians and birds (Crespi 
and Denver, 2012; Davies and Deviche, 2015; Hong et al., 2012; Gao et al., 
2012; Kehoe and Volkoff, 2007; MacDonald and Volkoff, 2009; Makinde et 
al., 2013; Richards, 2014).  However, the expression of NPY in peripheral 
tissues within fishes appears to be variable.  For example, NPY mRNA was 
expressed in gut, kidney, heart and ovary of Atlantic cod, G. morhua, but 
not in the gill (Kehoe and Volkoff, 2007).  However, the presence of NPY in 
the gills has been reported in other fish such as Atlantic salmon, and NPY 
is also expressed in the lung of mouse and rat (Gando et al., 2015; Kehoe 
and Volkoff, 2007; Schmitz et al., 2012).  In mice, macrophage-like cells 
were proposed to activate NPY secretion in the respiratory tract, 
suggesting that NPY has a role in controlling cytokine secretion and 
cellular activities of immune cells in asthma (Gando et al., 2015; Makinde et 
al., 2013).  NPY mRNA expression in the liver of fishes is also variable, as 
hepatic NPY mRNA was reported in winter skate, Raja ocellata, but not in 
rainbow trout, Atlantic cod or Atlantic salmon (Kehoe and Volkoff, 2007; 
MacDonald and Volkoff, 2009). 
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 The effect of lipids on gene expression of appetite regulators 5.4.2
In the current study, the mRNA expression of appetite control genes 
was studied following the feeding of fish with different dietary lipid 
sources.  Fish oil was used as the primary lipid in the control diets, which 
contributes to high levels of EPA and DHA.  In contrast, a total 
replacement of fish oil with linseed oil made the diet low in LC-PUFA but 
rich in ALA.  In the sunflower oil substituted diet, the content of LC-PUFA 
was designed to be at a low level, but rich in LA.  The food intake and 
growth performance in rainbow trout were unaffected by the differences in 
fatty acid content as well as the source of the lipid.  Furthermore, the 
different diets had no effect on the gene expression of the peripheral and 
central appetite regulating peptides.  Although there were no significant 
differences amongst the diet treatments, it is important to understand the 
trends that were still evident for the expression of the appetite-regulating 
genes under the influence of different dietary fatty acids. 
In this study, the overall feed intake was not significantly different 
with the different diets.  In parallel with this, the hepatic leptin and gastric 
ghrelin mRNA expression showed no significant trend between the dietary 
treatments, which suggests that these regulatory systems have not been 
up- or down-regulated.  A similar study performed by Francis et al. (2014) 
in which the same dietary oil profiles were used, showed that the 
concentration of circulating leptin and ghrelin, as measured by 
heterologous radioimmunoassays, responded in a variable way to different 
oil in the diet, and that there were also differences before and after feeding.  
The sampling regime for the plasma measurements was different from the 
design of the current study, and therefore, it is not possible to directly 
compare the leptin and ghrelin gene expression data with the plasma 
leptin and ghrelin measurements of Francis et al. (2014).  In mammals, the 
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type and amount of fatty acid have been shown to affect the gene 
expression of leptin and ghrelin (Lu et al., 2012; Pérez-Matute et al., 2005).  
For example, LC-PUFA such as DHA and EPA increased leptin mRNA 
expression and LA inhibits leptin mRNA expression (Pérez-Matute et al., 
2005; Pérez-Matute et al., 2007a; Pérez-Matute et al., 2007b; Perez-Matute et 
al., 2007).  Furthermore, in mouse cell culture, LA inhibited gastric ghrelin 
mRNA expression via GPR120, a long-chain fatty acid receptor (Lu et al., 
2012), but ingested fatty acid in whole animals did not change stomach 
ghrelin mRNA expression, but rather increased the acylation of ghrelin in 
the stomach (Bando et al., 2016; Nishi et al., 2005; Nishi et al., 2012).  The 
impact of the dietary lipid source on peripheral appetite signals is variable 
amongst fishes.  For example, Ettore et al. (2012) reported that the dietary 
lipid source (FO, LO and SO) did not alter the feeding pattern as well as 
the circulating leptin and ghrelin levels in rainbow trout and Murray cod.  
These findings are consistent with a study in gilthead seabream, where 
circulating leptin was also not affected by the dietary lipid source (FO and 
LO) (Ganga et al., 2005).  However, a study by Coccia et al. (2014) showed 
that EPA and DHA up-regulated hepatic leptin mRNA expression in 
rainbow trout. 
Neuronal fatty acid content reflects the levels of dietary fatty acid 
(Mourente, 2003; Sissener et al., 2016) and recent studies have suggested 
that fatty acid sensing in the brain is associated with regulating 
hypothalamic appetite signals (Librán-Pérez et al., 2013; Librán-Pérez et al., 
2014; Librán-Pérez et al., 2012; Velasco et al., 2016).  In this study, the 
dietary lipid source did not significantly alter the expression pattern of 
hypothalamic NPY, GHSR-1a, and LepR mRNA in rainbow trout.  
However, consistent patterns in the changes in the appetite signals were 
observed in response to the fatty acid content of the diet.  For example, 
there was a trend for hypothalamic NPY, LepR and GHSR-1a mRNA 
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expression to decrease with increasing levels of LA in the diets; the content 
of LA is lowest in LO and highest in SO (LO<FO<SO).  The trend for 
hypothalamic NPY mRNA expression in rainbow trout to decrease in 
response to LA is similar to mammals, in which conjugated LA inhibited 
the expression of hypothalamic NPY mRNA (Cao et al., 2007; Tsuyama et 
al., 2013).  In another study in Senegalese sole, Solea senegalensis, the C18 
fatty acid chain oleate acid (OA) and ALA, activated hypothalamic fatty 
acid sensing, which suppressed appetite via down-regulation of 
hypothalamic NPY (Conde-Sieira et al., 2015). 
As discussed, leptin is known to cause an anorexigenic effect in 
laboratory mammals, and in contrast ghrelin is known to have an 
orexigenic effect (Dodd et al., 2015; Gong et al., 2014; Muller et al., 2015; 
Schellekens et al., 2015; Zhao et al., 2014a; Zhao et al., 2014b).  In mammals, 
peripheral leptin inhibits the secretion of hypothalamic NPY and ghrelin 
stimulates hypothalamic NPY secretion (Park and Ahima, 2014; Schaeffer 
et al., 2013).  A similar mechanism exists in fish, but this has only been 
demonstrated during calorie restriction and by direct stimulation of the 
hypothalamus with leptin and ghrelin (Aguilar et al., 2010; Babichuk and 
Volkoff, 2013; Gong et al., 2016a; Ma et al., 2013; Johansson and Bjornsson, 
2015; Kirchner et al., 2009; Velasco et al., 2016; Volkoff, 2014a, b; Volkoff, 
2015a, b; Volkoff et al., 2005).  The effects of leptin and ghrelin on 
hypothalamic NPY are therefore, not as clear in response to challenges 
such as variations in metabolism and IP injection of peptides.  For example, 
Gong et al., (2016a) studied hypothalamic leptin signalling in two breeds of 
rainbow trout, a high muscle lipid content (fat-line breed) and a low 
muscle lipid content (lean-line breed), respectively (Gong et al., 2016a).  In 
that study, the sensitivity of the response to leptin was significantly lower 
in fat-line fish compared to lean-line fish.  However, the response of 
hypothalamic NPY mRNA to leptin in these two metabolically different 
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lines of fish was similar and unaltered.  These data suggest that leptin 
regulation in rainbow trout is responsive to energy homeostasis without an 
associated effect on hypothalamic NPY mRNA signalling (Gong et al., 
2016a).  In addition, in Atlantic salmon, IP injection of leptin had no effect 
on hypothalamic NPY gene expression (personal communication with I. 
Rønnestad), which is similar to a study in brown trout in which IP injection 
of ghrelin did not affect hypothalamic NPY gene expression (Tinoco et al., 
2014).  These studies illustrate an unlinking between peripheral and central 
appetite control systems. 
As discussed, the response of peripheral appetite signals in fish 
appears to vary and is dependent on the mode of stimulation such as 
calorie restriction, nutrient sensing, or energy homeostasis.  As indicated, 
calorie restriction such as fasting and re-feeding consistently displays a 
clear pattern in the response of the appetite control signals according to the 
accepted paradigm (Babichuk and Volkoff, 2013; Volkoff, 2014a, b; Volkoff, 
2015a, b; Volkoff et al., 2005).  However, dietary modification such as the 
experimental diets of the current study that are iso-caloric but vary in the 
type of oil, did not initiate a clear response in the appetite control system, 
indicating that nutrient/fatty acid sensing may not be a direct regulator of 
the appetite control system.  From the perspective of aquaculture nutrition, 
this study has further demonstrated that linseed oil and sunflower oil can 
be used as a replacement to fish oil as dietary lipid without altering the 
expression of the appetite control system or causing any adverse effects on 
growth in rainbow trout. 
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6.1 Introduction 
Long-chain (C≥20) polyunsaturated fatty acids (LC-PUFA) play a 
variety of fundamental physiological roles in vertebrates.  In fish they also 
have an important economic aspect, as fish are the primary source of n-3 
LC-PUFA in the human diet (Turchini et al., 2009).  Fish, like all 
vertebrates, are unable to synthesise polyunsaturated fatty acids (PUFA) 
de novo, and different teleost species have a range of capabilities in the 
bioconversion of dietary C18 PUFA to LC-PUFA (Carmona-Antonanzas et 
al., 2013; Monroig et al., 2013a; Torstensen and Tocher, 2011; Zheng et al., 
2004).  In general, and likely resulting from adaptation and evolution, fish 
can be classified into two different generic groups according to their 
respective fatty acid metabolism: those able to bioconvert dietary C18 
PUFA (essential fatty acids) such as linoleic acid (LA; 18:2n-6) and α-
linolenic acid (ALA; 18:3n-3) into LC-PUFA; and those unable to 
bioconvert C18 PUFA into LC-PUFA, and thus requiring dietary LC-PUFA 
to satisfy their essential fatty acid requirements (Tocher, 2003).  The former 
group is typically represented by freshwater species, low trophic level 
species, and the diadromous salmonids (Buzzi et al., 1996, 1997; Hixson et 
al., 2014; Monroig et al., 2010; Morais et al., 2009; Wijekoon et al., 2014).  
When C18 PUFA (namely LA and ALA) are present in the diet, conversion 
to LC-PUFA can occur by a sequence involving alternate desaturation and 
elongation steps.  During biosynthesis of arachidonic acid (ARA; 20:4n-6) 
and eicosapentaenoic acid (EPA; 20:5n-3), the pathway primarily proceeds 
through an initial desaturation step involving a ∆6 desaturase (for the 
conversion of LA and ALA to 18:3n-6 and 18:4n-3, respectively), followed 
by subsequent chain elongation (obtaining 20:3n-6 and 20:4n-3, 
respectively), and then a ∆5 desaturation (for the final biosynthesis of 
ARA and EPA, respectively; Sprecher, 2000). 
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In mammals, the fads1 gene encodes the Fads1 protein that has ∆5 
desaturase activity, and the fads2 gene encodes the Fads2 protein that has 
∆6 desaturase activity (Marquardt et al., 2000), and both fads genes are 
present in amphibians, reptiles, and birds (Castro et al., 2012).  In fishes, 
fads1 and fads2 genes that encode proteins with ∆5 and ∆6 desaturase 
activity, respectively, are present in the chondrichthyan fish, the catshark, 
Scyliorhinus canicula (Castro et al., 2012), and the predicted Fads1 and 
Fads2 proteins are found in the genome of the holocephalan elephant fish, 
Callorhinchus milii.  However, the fads1 gene has been lost in the teleost 
fishes, and only fads2 genes have been cloned or identified in sequenced 
genomes (Castro et al., 2012).  In most teleost species, fads2 encodes a 
protein that is a functional ∆6 desaturase (Gonzalez-Rovira et al., 2009; 
Monroig et al., 2010; Santigosa et al., 2011; Tocher et al., 2006; Zheng et al., 
2009; Zheng et al., 2004), but there is functional plasticity in the desaturase 
activity in some species (Castro et al., 2012).  In zebrafish, Danio rerio, 
striped snakehead, Channa striata, and tilapia, Oreochromis niloticus, the 
fads2 gene encodes a bifunctional protein that has both ∆5 and ∆6 
desaturation activities (Hastings et al., 2001; Kuah et al., 2016; Tanomman 
et al., 2013).  The Atlantic salmon, Salmo salar, has four fads2 genes that 
encode proteins with ∆5 (one protein) and ∆6 (three proteins) desaturase 
activities (Hastings et al., 2004; Zheng et al., 2005), respectively.  Two fads 
genes are also present in rabbitfish, Siganus canaliculatus, which encode a 
bifunctional ∆5/∆6 desaturase and a discrete ∆4 desaturase, respectively, 
the latter being the first report of a vertebrate ∆4 desaturase (Li et al., 
2010).  Subsequently, a further fads2 mRNA encoding a protein with ∆4 
desaturase activity was isolated and characterised in Senegalese sole, Solea 
senegalensis, (Morais et al., 2012).  Recently, two fads2 genes were cloned 
from pike silverside, Chirostoma estor, and found to have ∆5/∆6 and ∆4 
desaturase activity, respectively (Fonseca-Madrigal et al., 2014).  The 
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discovery of ∆4 desaturases in some species of teleost fish indicated that 
they have the capacity to synthesise docosahexaenoic acid (DHA; 22:6n-3) 
directly from docosapentaenoic acid (DPA; 22:5n-3), and thus are 
independent of the classical “Sprecher” pathway that requires the 
elongation of DPA to 24:5n-3, its subsequent ∆6 desaturation for the 
production of 24:6n-3, and then a peroxisomal chain-shortening for the 
final synthesis of DHA (Li et al., 2010).  Finally, Fads2 with ∆6 desaturase 
activity from teleosts, and especially from marine species, also show ∆8 
desaturase activity (Monroig et al., 2011; Tu et al., 2012; Wang et al., 2014), 
again illustrating the functional plasticity of teleost Fads2.  The ∆8 activity 
allows for a different and parallel pathway for the bioconversion of LA 
and ALA into 20:3n-6 and 20:4n-3, respectively, via their elongation 
followed by a ∆8 desaturation, rather than the traditional ∆6 desaturation 
and subsequent elongation. 
Rainbow trout, Oncorhynchus mykiss, are cultured commercially 
worldwide and they are commonly fed diets containing LC-PUFA, as 
these diets are important for the growth and health of the fish and they 
meet consumer expectations for the nutritional quality and health value of 
cultured fish products (Francis et al., 2014; Glencross et al., 2014; Hirasawa 
et al., 2005; Manson et al., 2012; Simopoulos, 2011).  Currently, fish oil is 
the primary source of LC-PUFA in formulated feed for fish (aquafeed) 
(Turchini et al., 2009; Wijekoon et al., 2014).  However, the limited supply 
and increasing price of fish oil have dictated that the aquafeed industry 
develop alternative strategies, with plant (vegetable) oil that contain no 
LC-PUFA being the primary option for fish oil substitution in aquafeed 
(Merino et al., 2012; Nasopoulou and Zabetakis, 2012; Olsen and Hasan, 
2012; Pickova and Morkore, 2007; Shepherd and Jackson, 2013; Tacon and 
Metian, 2008; Turchini et al., 2011; Turchini et al., 2009).  The reduced 
levels of n-3 LC-PUFA in feed is reflected in a reduction of EPA and DHA 
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in fish tissues, even in species with documented capabilities of 
bioconverting dietary ALA into n-3 LC-PUFA, such as rainbow trout 
(Cleveland et al., 2012; Turchini and Francis, 2009), which can have 
important consequences for human consumption. 
Given the importance of LC-PUFA composition and metabolism in 
fish for nutritional reasons, it is essential to have a full understanding of 
the enzymes involved in the biosynthetic pathway(s).  Previously, a fads2 
gene was isolated from rainbow trout and the encoded protein was shown 
to possess ∆6 desaturase activity (Zheng et al., 2004).  This chapter reports 
the isolation, cloning and characterisation of a second fads2 cDNA (termed 
fads2b) in rainbow trout that encodes a protein with ∆5 desaturase 
activity.  The findings provide new information about endogenous n-3 LC-
PUFA biosynthesis in a commercially important teleost fish species. 
6.2 Materials and Methods 
6.2.1 Animals and tissue collection 
Animal experimentation was approved by the Deakin University 
Animal Ethics Committee (A41-2011).  Rainbow trout, were obtained from 
the Department of Primary Industries (Snobs Creek, Victoria, Australia) 
and housed in a RAS located at Deakin University, Warrnambool, 
Australia.  The aquaculture system was equipped with an in-line oxygen 
generator and a physical and biological filtration plant.  Water 
temperature (15.0 ± 0.8 °C), pH (8.26 ± 0.04), and oxygen concentration 
(9.14 ± 0.30 mg.L−1) were monitored daily.  The dissolved ammonia and 
nitrite levels were measured weekly using Aquamerck test kits (Merck, 
Darmstadt, Germany), and were maintained below 0.20 and 0.25 mg.L−1, 
respectively.  The system operated on a 12:12 h light-dark cycle.  All fish 
were fed a commercial trout diet (40% protein, 20% lipid, closed formula, 
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Ridley Aquafeed, Australia).  For experimentation, fish were humanely 
killed using an overdose of anaesthetic (10% AQUI-S; AQUI-S New 
Zealand Ltd., Lower Hutt), and the gill, liver, muscle, adipose tissue, 
brain, heart, intestine, kidney, pyloric caeca and stomach tissues were 
snap frozen in liquid nitrogen and stored at –80 °C until required. 
6.2.2 RNA isolation and cloning of rainbow trout fads2b cDNA 
The liver was chosen for the isolation of rainbow trout fads2b mRNA 
as it is the predominant site for fatty acid synthesis in vertebrates.  Briefly, 
approximately 20 mg of liver was added to a 1.5 mL centrifuge tube 
containing 10 1.0 mm silica beads (Biospec Products, Inc.) and 1 mL of 
TriReagent (Sigma).  The tissue was mechanically disrupted using a high-
speed bench top homogeniser (FastPrep24), at a speed of 6.5 M.sec-1 for 
60 sec.  Isolation of total RNA was then performed according to the 
manufacturer’s protocol for TriReagent.  For cDNA synthesis, 3 µg of 
RNA was reverse transcribed into first strand cDNA using oligo (dT) 
priming and SuperScriptII Reverse Transcriptase (Invitrogen), according 
to the manufacturer’s protocol.  The quality of cDNA was verified by the 
expression of ActB as a control mRNA (accession number: AF157514).  
Primers for amplification of rainbow trout fads2b were designed using 
Gene Runner v.3.05 and the Atlantic salmon sequence for fads2/∆5 
(Hastings et al., 2001) was used as a reference sequence (accession 
number: AF478472).  The primers used for amplifying rainbow trout fads2b 
cloning are listed in Table 6-1, and the PCR strategy is illustrated in Fig. 6-
1.  Standard PCR amplification was performed in 0.2 mL thin-walled tubes 
using an Eppendorf Mastercycler.  The 20 µL reaction mixture contained: 
1 X buffer, 0.25 mM dNTP, 1.875 mM MgCl2, 1 µM of each primer, 1 µL of 
cDNA, and 2 units of Taq polymerase.  PCR was conducted under the 
following conditions: an initial denaturation at 94 °C for 3 min, followed 
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by 30 to 36 cycles of denaturation at 94 °C for 15 sec, annealing at 58 – 60 
°C for 30 sec, and extension at 72 °C for 3 to 3.5 min, and a final extension 
step of 72 °C for 5 min.  PCR products were visualised using a Syngene gel 
documentation system (Synoptics Ltd, UK), excised, and then purified 
using a NucleoSpin Extract II kit (Scientifix) according to the 
manufacturer’s protocol.  Nucleotide sequences were determined by 
standard dye terminator chemistry using a BigDye terminator v3.1 cycle 
sequencing kit (Applied Biosystems) and an ABI PRISM 3100 Genetic 
Analyser (Deakin University).  A 3´ rapid amplification of cDNA ends (3´ 
RACE) method was used to obtain the 3´ untranslated region (UTR) of 
rainbow trout fads2b, using the 3´ full RACE core set (Takara).  Reverse 
transcription of the mRNA was performed according to the 
manufacturer’s protocol, with 1 μL of cDNA used as a template in the first 
round of PCR amplification.  The reaction was performed in a total 
volume of 20 µL and contained: 1 x PCR buffer, 0.2 mM dNTPs, 2.5 mM 
MgCl2, 1 µM of gene-specific reverse primer (Table 6-1), 0.5 µM 3' end 
PCR primer, and 2 units of Taq polymerase.  The 3´-RACE PCR reactions 
had an initial denaturation at 94 °C for 3 min, followed by 40 cycles of 
denaturation at 94 °C for 45 sec, annealing at 50-58 °C for 30 sec, and 
extension at 72 °C for 45 sec, with a final extension step at 72 °C for 3 min.  
A nested PCR reaction was performed using 1 μL of double-stranded 
cDNA from the first PCR reaction, following the same PCR condition as 
the first round PCR. 
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Figure 6-1 Diagram showing the sequential steps (numbers 1 to 8 on left side of 
figure) for cloning of a rainbow trout fads2b cDNA using salmon fads2b/∆5 as a 
template.  The primer sets for the eight PCR fragments are listed in Table 6-1.  
The rationale of each step is as follows.  Step 1: initial amplification (672 bp) of 
trout fads2b; Step 2: 3´ RACE PCR to amplify (201 bp) from 3´ end of ORF and 
UTR of trout fads2b; Step 3: amplification (1349 bp) of trout fads2b using sequence 
obtained in steps 1 and 2 for primer design; Steps 4 and 5: confirmation of trout 
fads2b compared to trout fads2/∆6 (step 4: 593 bp, step 5: 470 bp); Steps 6 and 7: 
amplification of 5´ end of trout fads2b ORF and UTR sequences, respectively (step 
6: 593 bp, step 7: 470 bp); Step 8: amplification (1578 bp) of full trout fads2b 
mRNA sequence. 
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Table 6-1  List of primers for RT-PCR, 3´ RACE, and cloning of the fads2b coding 
sequence into pYES2 vector. 
 Primer sequence and amplification (5´--- 3´)  
 cDNA cloning 
F1 GGAGAAGATGCCACGGAAG 
F2 CCTGATATCAACTCACTACAT 
F3 CCACTAATCGTTCCAGTGTTTTT 
F4 CGGGCTTGAGCCCGATGGA 
R1 AAACATGGTCCGGAATATCT 
R2 CTGACAACATCAGTCATGCCTTT 
R3 CTCATCGACCACGCCAGAT 
R4 CCAATGACAAACTTGTGCAGTT 
   
 3´ RACE 
3'RACE ATGACTGATGTTGTCAGGTCA 
   
 Untranslated region 
5'UTR  AACGCTGTCTGGAAAACATCTC 
3'UTR CTGACAAGGATTAAAACAAT 
   
 Rainbow trout fads2b mRNA expression 
Trfads2bF TTCCGGACCATGTTTTCACA 
Trfads2bR ACAATCATGTTTGCAGCGAT 
   
 Rainbow trout fads2b primers with restriction sites 
Bam H1 ATTGGATCCAGGATGGGGGGCGGAGG 
XhoI TAACTCGAGGATTTATTTATGGAGATACGCATC 
 
6.2.3 Tissue distribution of rainbow trout fads2b mRNA 
The expression of rainbow trout fads2b mRNA was determined in 
adipose tissue, brain, gill, heart, intestine (hind gut), kidney, liver, muscle, 
pyloric caeca, and stomach from three animals.  RNA isolation, cDNA 
synthesis, and PCR were performed as described above using the PCR 
primers detailed in Table 6-1.  The PCR amplification was performed for 
36 cycles and ActB mRNA expression was used to validate the quality of 
the synthesised cDNA. 
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6.2.4 Sequence and phylogenetic analysis 
The full-length sequences of rainbow trout fads2b and the predicted 
Fads2b protein were analysed using the Basic Local Alignment Search 
Tool (BLAST, www.ncbi.nlm.nih.gov/blast/; Altschul et al., 1990).  The 
molecular weight of the predicted rainbow trout Fads2b protein was 
determined using the tools available at 
http://www.bioinformatics.org/sms/prot_mw.html.  Alignment of rainbow 
trout Fads2b with Fads2/∆5 desaturase and Fads2/∆6 desaturases from 
Atlantic salmon and Fads1/∆5 and Fads2 ∆6 from human was performed 
using the GeneDoc program and SOSUI software (http://bp.nuap.nagoya-
u.ac.jp/sosui/sosui). 
For phylogenetic analysis, Fads sequences were obtained from the 
NCBI GenBank database (www.ncbi.nlm.nih.gov/Genbank/index.html) 
(see Table 1), and aligned using Clustal Omega 
(http://www.ebi.ac.uk/Tools/msa/clustalo/; Thompson et al., 1997).  A 
maximum likelihood tree was constructed in MEGA6 using the Jones-
Taylor-Thornton matrix based method for amino acid substitutions.  The 
statistical significance of each branch was evaluated by bootstrapping with 
1000 replicates. 
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Table 6-2 List of common names and accession numbers of the vertebrate species 
used to generate the phylogenetic tree of Fads1 and Fads2 proteins shown in Fig. 
6-5. 
 
Fads1 Fads2 
Mammals Mammals 
Human O60427.3 Human AAG23121 
Pig NP_001106512 Pig NP_001165221 
Rat NP_445897 Rat NP_112634 
Mouse AAH26848 Mouse NP_062673 
Cow XP_612398.4 Cow NP_001076913 
Platypus XP_007671143 Platypus XP_007664805 
    
Birds Birds 
Chicken 1a XP_421052 Chicken NP_001153900 
Chicken 1b XP_426408 Atlantic canary XP_009095330. 
Chicken 1c XP_421051 Crested ibis XP_009459650 
Atlantic canary XP_009095332 Duck XP_005024317 
Crested ibis XP_009459763 Zebrafinch XP_002194944.2 
Duck XP_005024318 Pigeon XP_005511097 
Zebrafinch XP_002194926   
Pigeon XP_005511095   
  
Reptiles Reptiles 
Green anole 1a XP_003224167 Green anole XP_003224168 
Green anole 1b XP_003224189 American alligator XP_006274951 
Green anole 1c XP_003224188 Burmese python XP_007426603 
Green anole 1d XP_003224187 Green sea turtle XP_007063933 
Green anole 1e XP_003224186   
American alligator 
XP_006274989 
  
Burmese python XP_007426604   
Green sea turtle EMP32024   
  
Amphibians Amphibians 
Western clawed frog 
XP_002943012.2 
Western clawed frog NP_001120262 
  African clawed frog NP_001086853 
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Table 6-2 continued.  
Fads1 Fads2 
Teleost fishes Teleost fishes 
  Zebrafish ∆5/6 AF309556 
  Cobia ∆6 ACJ65149 
  Barramundi ∆6/8 ACS91458 
  European sea bass ∆6 ACD10793 
  Gilthead sea bream ∆6 AAL17639 
  Turbot ∆6 AAS49163 
  Carp ∆6 AF309557_1 
  Eel ∆6/8 ACI32415 
  Bluefin tuna ∆6 ADG62353 
  Spotted scat ∆6 AHA62794 
  Atlantic cod ∆6 AAY46796 
  Meagre ∆6/8 AGG69480 
  Tilapia ∆5/6 AGV52807.1 
  Pike silverside ∆5/6 AHX39207 
  Pike silverside ∆4 AHX39206 
  Senegalese sole ∆4 AEQ92868 
  Rabbitfish ∆4 ADJ29913 
  Rabbitfish ∆6|ABR12315.2 
  Masu salmon 2a/∆5-like ABU87822 
  Masu salmon BAB63440 
  Masu salmon BAB71963 
  Rainbow trout ∆6 NP_001117759 
  Rainbow trout ∆5 AFM77867 
  
Atlantic salmon 2a/∆5 
NP_001117014 Atlantic salmon 
2b/∆6 NP_001165251 
  
Atlantic salmon 2c/∆6 
NP_001165752 
  
Atlantic salmon 2d/∆6 
NP_001117047 
  
Non-teleost fishes Non-teleost fishes 
Spotted gar XP_006642809.1 Catshark AEY94455 
Cat shark AEY94454 Coelacanth XP_005988034.1 
Coelacanth XP_005988035.1 Elephant fish XP_007885636.1 
Elephant fish XP_007885635.1   
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6.2.5 Heterologous expression of rainbow trout fads2b in yeast 
The rainbow trout fads2b coding sequence was obtained by PCR from 
the full-length cDNA with primers containing Bam HI and Xho I 
restriction sites, respectively (Table 6-1).  This fragment and the yeast 
galactose-induced expression plasmid, pYES2 (Invitrogen, UK) were 
digested with the corresponding restriction endonucleases (New England 
BioLabs, Herts, UK), and ligated using T4 DNA Ligase (Bioline, London, 
UK).  The resulting plasmid construct pYES2-fads2b was transformed into 
Saccharomyces cerevisiae (strain INVSc1) using the S.C. EasyComp 
Transformation kit (Invitrogen) and incubated for 3 days at 30 °C in yeast 
drop-out plates-uracil.  A single colony of transgenic yeast was grown in 
S. cerevisiae minimal medium –uracil (SCMM-ura) for 24 h with prior 
supplementation with 2% D- galactose and one of the following fatty acid 
substrates diluted in an aqueous detergent solution:  ALA, LA, 
eicosatrienoic acid (20:3n-3), eicosadienoic acid (20:2n-6), eicosatetraenoic 
acid (20:4n-3), dihomo-γ-linolenic acid (20:3n-6), DPA (22:5n-3) and 
adrenic acid (22:4n-6).  Substrate FA final concentrations were 0.5 mM for 
C18, 0.75 mM for C20 and 1 mM for C22 fatty acid.  The fatty acid substrates 
(>99% pure) and chemicals used to prepare the SCMM-ura were 
purchased from Sigma Chemical Co. Ltd.  After 2 days, yeast were 
harvested and washed with Hank’s balanced salt solution containing 1% 
fatty acid-free bovine serum albumin prior to lipid extraction and fatty 
acid analyses.  Yeast transformed with pYES2 containing no insert were 
cultured under the same conditions described above and used as control 
treatments.  Yeast fatty acid analysis was performed as described 
previously (Monroig et al., 2010; Morais et al., 2009). 
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6.3 Results 
6.3.1 Sequencing of rainbow trout fads2b mRNA 
Overlapping fragments of a putative rainbow trout fads2b cDNA 
were amplified using standard and 3´-RACE PCR, which were assembled 
to construct a consensus sequence.  The full-length putative rainbow trout 
fads2b cDNA contained 1578 nucleotides with an open reading frame 
(ORF) of 1365 base pairs that encoded a 454 amino acid protein, with 74 
nucleotides in the 5´ UTR and 139 nucleotides in the 3´ UTR (Fig. 6-2).  The 
molecular weight of the predicted protein was 52.48 kDa.  The predicted 
rainbow trout Fads2b protein had the typical traits of the microsomal fatty 
acyl desaturase family, including an N-terminal cytochrome b5 domain 
containing the heme-binding motif (HPPG), histidine boxes (HDXGH, 
HFQHH and QIEHH) and three transmembrane regions (Fig. 6-3).  The 
predicted rainbow trout Fads2b protein shared 94.2% identity with 
rainbow trout Fads2a/∆6 (accession number: NP_001117759) and 95% 
identity to Fads2b of Atlantic salmon (accession number: 
NP_001117014.1), but was most similar (98.5%) to Fads2a of masu salmon, 
O. masou, (accession number: BAB63440).  The rainbow trout fads2b mRNA 
and predicted protein sequence were deposited in the GenBank database 
(accession number: AFM77867). 
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Figure 6-2  An alignment of the nucleotide and amino sequences of rainbow trout Fads2b (accession number: JQ087459) with 
those of Fads2a from trout (accession number: AF301910).  The differences in the sequences are indicated in red for 
nucleotides and bold for amino acids.  The untranslated regions (UTR) are marked by solid red arrows above the sequence. 
PART 2 Rainbow trout Fads2 Δ5 
155 | P a g e  
 
 
Figure 6-3 Alignment of the rainbow trout Fads2b/∆5 (Omd5), deduced amino 
acid sequence against Fads2/∆6 (Omd6) from rainbow trout, Fads2/∆5 desaturase 
(Ssd5) and Fads2/∆6 desaturases from Atlantic salmon (Ssd6), and Fads1/∆5 
(Hsd5) and Fads22/∆6 from human (Hsd6).  Black, dark grey and grey shaded 
area indicates 100%, 80%, and 60% conserved regions, respectively, using the 
GeneDoc program.  The dotted line denotes the cytochrome b5 domain, and a 
heme-binding motif is boxed.  Three transmembrane regions (double dot-dash 
lined) as predicted by SOSUI software.  Histidine boxes are underlined. 
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6.3.1 Tissue distribution pattern 
The expression profile of fads2b mRNA in rainbow trout tissues is 
shown in Fig. 6-4.  Although comparisons of mRNA expression from RT -
PCR analyses have to be made cautiously, some patterns can be observed 
in the tissue distribution of fads2b transcripts.  A relatively higher fads2b 
mRNA expression was found in the liver, intestine, pyloric caeca, and 
brain.  A relatively lower fads2b mRNA expression was observed in the 
gill, heart and kidney.  No expression was found in the stomach, muscle 
and adipose tissue.  A similar expression profile was found in three 
animals. 
 
Figure 6-4 The expression pattern of fads2b mRNA in different tissues of rainbow 
trout as determined by conventional RT-PCR for 36 cycles.  A partial ActB 
mRNA was used as an internal standard.  A similar fads2b mRNA distribution 
profile was obtained in three animals.  Ladder (L), adipose tissue (Ad), brain (Br), 
gill (Gi), heart (He), intestine (Int), kidney (Kid), liver (Liv), muscle (Mu), pyloric 
caeca (PC), stomach (St). 
 
6.3.2 Phylogenetic analysis 
A neighbour-joining tree showing the phylogenetic relationship of 
vertebrate Fads proteins is shown in Fig. 6-5.  The vertebrate Fads proteins 
clustered into two primary clades, Fads1 and Fads2, with good bootstrap 
support.  As expected, the rainbow trout Fads2a protein grouped with 
other salmonid Fads2 proteins. 
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Figure 6-5 Phylogenetic analysis of vertebrate Fads proteins as inferred using the 
Neighbour-Joining method applying a maximum likelihood approach.  The 
position of rainbow trout Fads2b/∆5 is marked. 
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6.3.3 Functional characterisation of rainbow trout Fads2b in yeast 
The ability of rainbow trout Fads2b to desaturase PUFA of the n-3 
and n-6 series was determined by quantification of the relative fatty acid 
conversions obtained, when transformed S. cerevisiae containing either the 
empty pYES2 vector (control) or a vector with the rainbow trout fads2b 
ORF insert, were grown in the presence of potential fatty acid substrates.  
For this, yeast transformed with pYES2-Fads2b were grown in the 
presence of Δ6 substrates (18:3n-3, 18:2n-6), Δ8 substrates (20:3n-3 and 
20:2n-6), Δ5 substrates (20:4n-3 and 20:3n-6) and Δ4 substrates (22:5n-3 
and 22:4n-6).  The fatty acid composition of the yeast transformed with 
empty pYES2 (control) showed the main fatty acid normally found in S. 
cerevisiae, namely 16:0, 16:1 isomers, 18:0 and 18:1n-9, and whichever 
exogenous PUFA was added (data not shown).  This is consistent with this 
yeast strain not possessing any PUFA desaturation capabilities (Monroig 
et al., 2010).  However, based on gas chromatography (GC) retention time 
and confirmed by gas chromatography-mass spectrometry, rainbow trout 
Fads2b showed significant desaturation activity towards the Δ5 substrate 
20:4n-3 converting it to EPA, which accounted for over 17% of the total 
substrate conversion (Fig. 6-6), whereas the n-6 Δ5 substrate 20:3n-6 was 
desaturated to a lower extent (2% conversion) (Table 6-3).  Additional 
peaks were not observed with any of the exogenously added Δ6 or Δ4 
fatty acid substrates.  As reported for other teleost species, including the 
previously described rainbow trout fads2 Δ6 paralog, the newly 
characterised Fads2 displayed more activity towards n-3 PUFA than n-6 
PUFA (Table 6-2; Zheng et al., 2004).  It was interesting to note that 20:2n-6 
(Δ11,14 20:2) and 20:3n-3 (Δ11,14,17 20:3) were desaturated in position Δ5 
to produce the non-methylene interrupted (NMI) fatty acid Δ5,11,14 20:3 
and Δ5,11,14,17 20:4, respectively (Table 6-3; Fig. 6-6). 
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Figure 6-6 Functional characterisation of the newly cloned rainbow trout Fads2b 
in yeast (S. cerevisiae).  The fatty acid profiles of yeast transformed with pYES2 
containing the coding sequence of the rainbow trout Fads2b as an insert, were 
determined after the yeast was grown in the presence of one of the exogenously 
added substrates 18:3n-3 (A), 20:3n-3 (B), 20:4n-3 (C) and 22:5n3 (D).  Peaks 1-4 in 
panels A-D are the main endogenous fatty acid of S. cerevisiae, namely 16:0 (1), 
16:1 isomers (2), 18:0 (3) and 18:1n-9 (4).  Additionally, peaks derived from 
exogenously added substrates (“*”) and desaturated products are indicated 
accordingly in panels A-D.  Vertical axis: flame ionisation detector response; 
horizontal axis: retention time. 
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Table 6-3  Functional characterisation of the putative rainbow trout Fads2b in 
yeast. 
Substrate Activity  Product % Conversion 
18:3n-3 Δ6 18:4n-3 0.0 
18:2n-6 Δ6  18:3n-6 0.0 
20:3n-3 Δ5(not Δ8)  Δ5,11,14,17 20:4 2.6 
20:2n-6 Δ5 (not Δ8) Δ5,11,14 20:3 1.1 
20:4n-3 Δ5 20:5n-3 17.8 
20:3n-6 Δ5 20:4n-6 2.1 
22:5n-3 Δ4 22:6n-3 0.0 
22:4n-6 Δ4 22:5n-6 0.0 
 
6.4 Discussion 
Rainbow trout had previously been reported to have no dietary 
requirement for preformed dietary n-3 LC-PUFA, and to be able to 
bioconvert ALA into EPA and DHA, and that this bioconversion was 
relatively efficient and followed the so-called “Sprecher pathway” (Buzzi 
et al., 1996, 1997; Cleveland et al., 2012; Turchini and Francis, 2009).  As 
discussed above, the majority of teleost fish have a single fads2 gene that 
encodes primarily monofunctional ∆6 desaturase proteins (Gonzalez-
Rovira et al., 2009; Santigosa et al., 2011; Tocher et al., 2006; Zheng et al., 
2009; Zheng et al., 2004).  However, some species deviate from this typical 
pattern.  For example, Atlantic salmon, zebrafish, Senegalese sole, pike 
silverside, barramundi and rabbitfish have fads2 genes that encode Fads2 
proteins with functionalities that include ∆4, ∆5 and ∆8 (Hastings et al., 
2001; Hastings et al., 2004; Li et al., 2010; Monroig et al., 2010; Morais et al., 
2012; Tu et al., 2012; Zheng et al., 2005).  Prior to the current study, the 
only documented and known fads2 gene encoding a discrete 
monofunctional ∆5 desaturase protein in a teleost fish was that of Atlantic 
salmon (Hastings et al., 2001).  The presence of a Fads-like enzyme with ∆5 
desaturase activity in rainbow trout had been indicated indirectly by in 
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vivo trials (Thanuthong et al., 2011a), but the protein had not been isolated 
or characterised. In the present study, a fads2 gene that encoded a ∆5 
desaturase has been isolated and functionally characterised in rainbow 
trout for the first time.  Thus, rainbow trout follow the same pattern 
previously reported in Atlantic salmon and have the capacity to synthesise 
EPA and ARA from ALA and LA, respectively, through separate fads2 
genes that encode proteins with ∆6 and ∆5 desaturase activity, 
respectively.  The confirmation of a monofunctional ∆5 desaturase protein 
in rainbow trout is important considering the commercial value of this 
species, the issues surrounding the provision of preformed dietary n-3 LC-
PUFA (i.e. fish oil) in commercially aquaculture species, and in 
consideration of our understanding of vertebrate fatty acid metabolism 
and its evolution. 
As expected, the phylogenetic analysis of vertebrate Fads protein 
grouped the deduced rainbow trout Fads2b protein with other salmonid 
Fads2 proteins.  Interestingly, the two salmonid Fads2 proteins that show 
∆5 desaturase activity are no more similar to each other than to the other 
salmonid ∆6 desaturase proteins.  The evolution of the fads genes in 
vertebrates has recently been investigated (Castro et al., 2012).  These 
authors proposed that the ancestral gnathostome possessed the fads1 and 
fads2 genes, as they are both found in chondrichthyans and have been 
characterised as ∆5 and ∆6 desaturases, respectively, in catshark (Castro et 
al., 2012); both fads1 and fads2 genes are also found in the coelacanth 
genome. As all teleost fish species examined to date only possess the fads2 
gene, Castro and colleagues (2012) proposed that the fads1 gene must have 
been lost in the actinopterygian lineage that gave rise to teleost fishes.  
However, analysis of the annotated genome of the non-teleost 
actinopterygian, the spotted gar fish, Lepisosteus oculatus, reveals fads genes 
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that encodes proteins with homology to Fads1; the functional 
characterisation of spotted gar Fads proteins would be of interest. 
Rainbow trout fads2b mRNA was more highly expressed in the liver, 
intestine including pyloric caeca, and brain compared to other tissues, 
which was consistent with previous studies that demonstrated these 
tissues are important sites of LC-PUFA biosynthesis in salmonid fish 
(Kamalam et al., 2013; Kiessling and Kiessling, 1993; Thanuthong et al., 
2011b).  A high expression of fads2b mRNA in the brain of rainbow trout is 
consistent with the expression pattern of fads2 (∆6) in rainbow trout 
(Seiliez et al., 2001), and fads2 (∆5; Zheng et al., 2005) and the three fads2 
(∆6) genes in Atlantic salmon (Monroig et al., 2010).  Furthermore, many 
other studies have demonstrated that the teleost brain expresses genes 
encoding the LC-PUFA biosynthesis enzymes including Fads and 
elongation of very long-chain fatty acid proteins (Elovl; see Carmona-
Antoñanzas et al., 2011; Carmona-Antonanzas et al., 2013; Kamalam et al., 
2013; Kim et al., 2014; Monroig et al., 2011; Ren et al., 2015; Zheng et al., 
2009).  Interestingly, it appears that the expression of fads genes is greater 
in the brain of marine species compared with freshwater species (Xie et al., 
2014).  However, this pattern is not found in euryhaline species such as 
rabbitfish (Xie et al., 2014), and the marine Senegalese sole (Morais et al., 
2015) in which the fads mRNA expression was greater in the liver 
compared to the brain.  The high expression of fads2 genes in the brain of 
teleosts could relate to the significance of LC-PUFA in the functionality of 
neuronal tissue, which has been reported in mammals (Chen et al., 2009; 
Cho et al., 1999; Leonard et al., 2000).  In rainbow trout, the high 
expression of fads2b mRNA in the pyloric caeca is again consistent with 
that of fads2 (∆6) in rainbow trout (Seiliez et al., 2001) and the salmon fads 
genes (Monroig et al., 2010).  In fact, in Atlantic salmon, the pyloric caeca 
had the highest mRNA expression of fads2 (∆6) and fads2 (∆5), which 
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reflects a large LC-PUFA biosynthesis in this tissue (Bell et al., 2003; 
Kamalam et al., 2013).  In addition, the pyloric caeca expresses Elovl 
mRNA and the transcription factors, liver x receptor and sterol regulatory 
element-binding protein, the latter being important in the control of lipid 
and fatty acid metabolism by regulating fads mRNA expression 
(Carmona-Antoñanzas et al., 2014; Minghetti et al., 2011).  The pyloric 
caeca, therefore, contains the appropriate intracellular machinery for LC-
PUFA biosynthesis (Carmona-Antoñanzas et al., 2014; Monroig et al., 
2013b; Monroig et al., 2010; Ren et al., 2015). 
Commonly, the conventional pathway for synthesising LC-PUFA 
involves the activity of ∆6 and ∆5 desaturases.  However, in addition to 
the action of ∆6 and ∆5 in LC-PUFA biosynthetic pathways, an alternative 
pathway has been identified in fish involving the action of Fads2 as a ∆8 
desaturase (Monroig et al., 2011).  The trout Fads2 characterised in the 
present study did not show any ∆8 desaturase activity, as both 
eicosadienoic (20:2n-6) and eicosatrienoic (20:3n-3) acids, rather than being 
∆8 desaturated to 20:3n-6 and 20:4n-3, respectively, were converted into 
the NMI fatty acids Δ5,11,14 20:3 and Δ5,11,14,17 20:4, respectively.  
Nevertheless, it is very unlikely that the biosynthesis of NMI fatty acids 
observed in the yeast expression systems would occur in vivo, as the 
availability of these substrates is limited.  The possible presence of the 
other Fads2 with ∆8 activity like the previously characterised desaturase 
(Fonseca-Madrigal et al., 2014) would allow 20:2n-6 and 20:3n-3 to be 
incorporated into the conventional pathway. 
Fish such as Atlantic salmon and rainbow trout have the ability to 
bio-synthesise LC-PUFA as long as the substrate, ALA, is supplied in the 
diet.  Nutritional regulation of fatty acid biosynthetic genes has been 
previously reported in Atlantic salmon (Jordal et al., 2005).   Jordal et al. 
(2005) designed the diets to contain fish oil or plant oil (rapeseed oil and 
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olive oil), and they reported that fads2 (∆5) gene expression was higher in 
fish fed with plant oil.  In contrast, fish fed with fish oil had a lower level 
of fads2 (∆5) gene expression.  This finding was supported and further 
confirmed by Morais et al. (2011) using a genotype-specific approach in 
which transcriptome analysis found an up-regulation of fads2 (∆5) and 
fads2 (∆6) in Atlantic salmon fed with plant oil.  Therefore, these studies 
provide evidence that strengthens the idea that fatty acid bio-conversion 
in fish can be manipulated by the diet, and that plant oil can be used to 
replace fish oil.  However, the changes in the expression of biosynthetic 
genes in response to the type of PUFA is inconclusive.  For example, in 
rainbow trout, different combinations of PUFA such as ALA, EPA and 
DHA appear not to have a correlation with the expression of fads2b (∆5) 
and fads2a (∆6) (Gregory et al., 2016).  A similar observation was also 
reported in Atlantic salmon in which the level of dietary EPA did not 
affect the expression of fads2 (∆5) and fads2 (∆6) in the liver (Thomassen et 
al., 2012). 
In conclusion, this study provides the first report of a fads2 gene that 
encodes a protein with monofunctional ∆5 activity from rainbow trout.  
Understanding of the role of ∆5 desaturase in fish provides important 
information regarding the evolutionary biology of lipid metabolism and is 
also relevant for the advancement of novel aquafeed products in 
commercially important fish species.  Although there has been significant 
interest in the use of plant-derived ingredients in aquafeeds as an 
alternative to marine resources, the ability to convert plant-derived C18 
PUFA, ALA and LA, to C20/22 LC-PUFA in fish shows considerable 
variation between species.  Further study on fads2b expression in the brain 
of rainbow trout would provide supplementary evidence regarding the 
significance of the brain in LC-PUFA biosynthesis.  In addition, further 
elucidation of the biosynthetic pathways regulating lipid metabolism in 
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fish will be required to produce a commercially profitable product 
containing high levels of n-3 LC-PUFA, while also reducing the 
dependency on wild-caught marine ingredients for feeds. 
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